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ABSTRACT 
The study investigates experimentally and theoretically the behaviour of an 
internal precast concrete beam-column connection, where both the column and beam are 
discontinuous in construction terms. The aim was to modify the behaviour mechanisms 
within the connection zone by introducing a beam hogging moment resistance capacity 
under dead loads and limiting the damage within the connection. This is to offer 
permanent dead load hogging moments that could counterbalance any temporary 
sagging moment generated under sway loads, enhance the rotational stiffness, balance 
the design requirements for the beam-end and beam mid-span moments, provide 
efficient continuity across the column, and reduce the deflection at the beam mid-span.  
Three full-scale beam-column connection tests subjected to gravity loads were 
conducted taking the connection reinforcement detail as the main variable. The 
configuration of the three main interfaces within the connection was based on the 
experimental results of small-scale tests. The results of the full-scale tests showed that, 
by using the strong connection concept, it was possible to produce equivalent 
monolithic behaviour, control the crack width within the connection zone, and force the 
final damage to occur outside of this zone, which comprises the interfaces and parts of 
the adjoining elements. The strong connection consisted of using additional short steel 
bars crossing the connection at the top of the beam, horizontal U-shaped links at the 
beam-ends, and additional column links. 
In addition, the experimental programme included two full-scale tests to 
investigate the behaviour of the connection under sway loads using two different 
connection reinforcement details. The results of this study showed that the proposed 
modification in the reinforcement details was able to mobilise the beam sagging 
moment through the dowel action of the column main bars but it was also accompanied 
by large relative beam-column rotations (low rotational stiffness).  
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The evaluation of the behaviour of the connections was carried out by 
incorporating the experimental rotational stiffnesses in semi-rigid frame analyses using 
the ANSYS software package and a Visual Basic program based on the conventional 
semi-rigid analysis approach. In addition, a simplified technique has been validated 
against these two methods to replicate the semi-rigid behaviour. In the same respect, the 
study is proposing a new approach for classifying precast concrete beam-column 
connections as rigid by relating the connection fixity factor with the moment 
redistribution. It has been shown that the connection could be classified as rigid if the 
fixity factor is not less than 0.73 and the available moment redistribution from the mid-
span to the supports is not less than the required moment redistribution resulting from 
semi-rigid frame analysis.   
In the theoretical part, an analytical tool has been calibrated to predict the 
rotational stiffness of the specimens with semi-rigid behaviour under gravity loads. The 
model showed a reasonable agreement with the experimental results. To help the 
modelling, two pull-out tests were conducted to determine the bond-slip relation of steel 
bars embedded in cement-based grout. Moreover, a finite element numerical simulation 
model using the ANSYS software package was carried out to replicate the experimental 
results of the semi-rigid specimens tested under gravity loads. In spite of providing 
results close to experimental values prior to yielding, the FE model was not able to 
predict the failure mode and consequently the correct ultimate load. This is due to the 
simplified way of modelling the interaction between the corrugated sleeves and the 
surrounding concrete as perfect bond. 
The research concludes that the precast beam-column connection investigated in 
the current study can be treated as an emulative monolithic connection under gravity 
loads through using the strong connection concept; however, it is not suitable to resist 
beam net sagging moments. Besides, the study concludes that to consider a precast 
concrete beam-column connection as rigid, it is required to correlate the fixity factor 
with the moment redistribution.    
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Mc Column bending moment at beam face 
Mc1 Mc of top colum 
Mcon Beam-column design moment resistance 
Mcr Cracking bending moment 
ME Modified beam-end moment due to semi-rigid effects 
MS Modified mid-span moment due to semi-rigid effects 
MF Fixed end moment 
Mu Ultimate bending moment  
My Yield bending moment  
Myd Beam sagging moment capacity contolled by yielding of column dowel bars  
Mse Service end-moment 
Mpo Potential fixed end moment of member taken to have rigid ends  
P Applied load 
R Load reaction 
Rm Moment redistribution   
Rma Available moment redistribution  
Rmr Required  moment redistribution for semi-rigid connections 
S Beam-column rotational stiffness 
Sin Initial beam-column rotational stiffness 
Scr Secant beam-column rotational stiffness prior to cracking 
Sse Secant beam-column rotational stiffness at service stage 
Sy Secant beam-column rotational stiffness at point of yielding of reinforcement 
Su Secant beam-column rotational stiffness at ultimate moment 
SE Secant stiffness due to semi-rigid effects 
Sb Bond slip 
Sbend Bond slip at active steel bar end 
Sdmax Shear displacement of dowel bars at ultimate shear capacity 
Ux  End displacements in x-direction at each member end (i,j) 
Uy  End displacements in y-direction at each member end (i,j) 
V Conjugated beam-end shear 
Vt Volt 
W Uniformly distributed load 
Y Angle of rotation due to relative dispacements of member-ends 
Z Beam section lever arm 
ZI Beam section lever arm for uncracked beam section  
ZII Beam section lever arm at yielding stage 
ZIII Beam section lever arm at ultimate stage 
Zd Beam section lever arm at column dowel bars yielding  
 
*     The FE symbols will be introduced within Chapter 7 
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1.1 Introduction 
In the construction industry, the challenge is always about the speed and cost of 
the performance. Precast concrete, as a construction method, ensures high quality 
control, and durable, fast and economic buildings compared with cast in situ 
construction; therefore, it is widely used as a proper alternative to the latter.  
The efficiency of precast concrete structures in resisting gravity or lateral loads 
relies on the behaviour of jointing systems including beam-column connections. The 
connection configuration and response including strength, rotational stiffness and 
ductility affect building frames in several ways. For instance, under gravity loads, the 
beam-column connection response affects mostly the behaviour of adjoining beams, 
while under lateral loads it affects the moment-distribution and the global stability (2nd 
order effects). 
Beam-column connections should be designed to transfer all types of forces: 
compression, tension, shear, bending and torsion. This could be achieved by ensuring a 
proper assemblage of joined members, and adequate continuity of the reinforcement. 
However, this goal is not easy because the design should take into account the 
simplicity and the practice of making the connections. Therefore, it is essential to 
consider both requirements of structural performance and buildability within the design 
of connections. 
Among the connection types used in practice, the discontinuous (in construction 
terms only) precast concrete beam-column connection has been used in the precast 
concrete industry for many years in braced systems (Figure 1.1). This connection 
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configuration is also called µEHDPWRFROXPQKHDGFRQQHFWLRQ¶ according to fib (2011). 
It has advantages over other jointing methods as it is simple, needs no corbels, bolting 
or welding, and is efficient in providing reasonable continuity between adjoining 
elements. However, it still requires a generous tolerance for construction, which is 
related mainly to the process of housing the dowel bars protruding from the bottom 
column in preformed sleeves in the beam and top column, which could reach ±12.5 mm 
according to ACI (2008b). 
 
 
Figure 1.1 Discontinuous beam-column connection used in a braced frame car park project ± 
 Preconco Ltd., Barbados, 2010  
1.2 Problem statement 
Despite the use of the discontinuous precast concrete beam-column connection in 
practice, no design rules or guides were found within the available sources. In addition, 
the connection configuration used in practice (see the car park building in Figure 1.1, 
for example) does not offer any beam-end negative (hogging) moment resistance 
capabilities for dead loads. This is because the continuity bars at the top of the beam are 
provided later within the topping concrete, meaning that the moment continuity is only 
active for imposed loads (fib, 2011), even though, in most cases, this feature is not 
considered in the design and the beam-ends are treated as pinned connections.  
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Also, in the practical detail (Figure 1.1), the gap between the beams is too narrow 
for the infill grout to be structural, and therefore the load transfer in compression will be 
forced to pass through the dowels in the head of the lower column, something for which 
it is not designed.  
Based on the above-mentioned observations, there is scope to modify the 
discontinuous beam-column connection behaviour and to establish main design 
principles. The modifications in the connection configuration include (Figure 1.2): 
x locating the continuity top bars within the precast concrete beams and casting 
the trough before constructing the slab. This is to provide beam-end hogging 
moment resistance capacity under dead loads, which counterbalances reversals 
of positive (sagging) moment generated under sway loads; 
x using a new connection reinforcement detail under gravity loads to strengthen 
the connection, limit the crack width within the connection zone and move the 
final damage to a point outside the connection zones. The new reinforcement 
detail also includes bending the beam bottom bars around the column dowel bars 
to mobilise beam-end sagging moments under sway loads; 
x grouting the vertical joint between the beams to provide a direct path to transfer 
the compressive stress in the beam.  
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Figure 1.2 Proposed discontinuous beam-column connection configuration 
1.3 Hypotheses 
The hypotheses of the current study with respect to the discontinuous beam-
column connection are: (i) the full beam-end hogging moment capacity can be 
mobilised as a result of providing continuity in the beam top reinforcement and altering 
the reinforcement details; (ii) the interaction between the beam bottom bars and the 
column bars provides the dowel action mechanism required to mobilise the beam-end 
sagging moment.  
1.4 Aims and objectives  
The aims of the current study are to: 
x determine the effects of connection reinforcement details on the moment 
continuity across the connection; 
x develop the basis for establishing main design principles for the connection type 
investigated in the current study.  
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In order to achieve the aims of the study, the following objectives are set.  
x To determine experimentally the thickness and status of the joints within the 
connection needed to be used in the full-scale tests.  
x To determine experimentally the effects of using different reinforcement details 
for the connection on the moment-rotation response (M-ș, crack propagation, 
crack width and the failure mode under separate gravity and sway loadings.  
x To implement M-șGDWDin frame analyses to show the effects of the connection 
flexibility on the moment distribution and the sway.  
x To calibrate simplified semi-rigid frame analyses that incorporate the effects of 
the flexibility of the beam-column connections. 
x To establish a new approach for classifying precast concrete beam-column 
connections as rigid. 
x To use the finite element modelling tool to replicate the experimental response 
of the connection. 
1.5 Research methodology 
For a reliable assessment of the behaviour of precast concrete beam-column 
connections, laboratory testing is recommended due to the complexity of the involved 
details (Catoia et al, 2008; Elliott et al, 1998; Loo and Yao, 1995) and to ensure that the 
connection has the necessary non-linear response characteristics (Ghosh et al, 1997). 
These complexities include: many contact regions of concrete-to-grout and steel bars-to-
grout, possible irregularity in contact conditions, and construction initial imperfections, 
all of which restrict performing a straightforward analytical simulation for the 
connection. Therefore, before any attempt to develop analytical solutions for 
connections, experimental validation is required (Elliott et al, 2003b). 
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In this respect, the structural behaviour of the discontinuous beam-column 
connection will be examined by a mix of experimental and analytical methods using the 
following steps. 
x Conducting preliminary small-scale biaxial loading tests to assess the ability of 
the connection to transfer axial loads with/without joint infill. 
x Conducting full-scale beam-column connection tests subjected to separate 
gravity and sway loads taking the connection reinforcement detail as the main 
parameter. 
x Performing semi-rigid frame analyses to find out the effects of the flexibility of 
the discontinuous beam-column connection in real frames. 
x Modelling the semi-rigid behaviour of the connections tested under gravity loads 
using analytical and finite element modelling.  
1.6 Limitations of the study  
The investigation has been carried out by examining a full-scale beam-column 
using dimensions, reinforcement and beam and column loads resulting from a rigid 
frame analysis of a four-storey prototype building. The study moved towards modifying 
the connection to justify its use. Based on that, there are certain limitations in this study: 
x the reported results are with respect to certain column and beam sizes and 
column axial load; 
x the reported results are with respect to a certain range of concrete, grout and 
steel bar strength; 
x in spite of using different continuity reinforcement within the connections whilst 
aiming to improve the behaviour, no attempts were made to investigate a wider 
range of reinforcement ratios; 
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x the rotational stiffnesses reported in the current study are with respect to the 
discontinuous precast concrete beam-column connection type investigated in the 
current study. 
1.7 Behaviour of precast concrete beam-column connections 
As connections in precast concrete construction are considered as the most critical 
locations in building frames, proper attention needs to be taken in designing them. CEB-
FIP Model Code 1990 (1993) stated that, to ensure the performance of the precast 
concrete connections, the joints are required to: 
1- accommodate the relative displacement required to mobilise the resistance 
of the joint;  
2- resist all the action effects resulting from the analysis of the structure as a 
whole and from the analysis of the individual members; 
3- secure robust and stable behaviour of the structure through the strength and 
deformability of the joints; 
4- take into consideration the anticipated required tolerances during 
manufacture and erection.  
1.7.1 Elementary behaviour  
In ordinary frame analysis, beam-column connections are designed either as 
nominally pinned (free to rotate with no moment capacity) or fixed (zero rotation with 
definite moment capacity). This assumption does not match the actual practice even in 
monolithic construction, where there is a limited beam-column relative rotation 
(Baharuddin et al, 2008; Ferreira, 1999) that is not considered as a result of incomplete 
knowledge about moment-rotation behaviour or not having the required modelling 
tools.  
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In precast concrete construction, the beam-column connection could be 
categorised into simple (pinned) connections, which transmit purely shear forces, and 
moment resisting connections, which mobilise moments in addition to the shear. For 
design convenience, precast concrete connections are strictly dealt with as either pinned 
or fixed, in spite of the majority of the connections behave in a semi-rigid manner 
(Elliott et al, 2003b), which mobiles a certain amount of the beam moment depending 
on the connection stiffness. Further, the moment resisting connections could be divided 
into µequivalent monolithic¶ systems, where the connections are stronger than the 
adjacent precast concrete elements, and µjointed¶ systems, where the connections are 
weaker (fib, 2003). 
The equivalent monolithic system (the connection type studied in this research is 
intended to be among them) could be either strong (with limited ductility) or ductile 
(with normal strength). In the first type, the connection is sufficiently stronger than the 
adjacent members and the connection remains in an elastic region while the yielding 
occurs elsewhere in the frame. In ductile connections, the connection is designed for the 
required strength but with sufficient ductility to ensure non-brittle failure. 
1.7.2 Semi-rigid behaviour 
In order to evaluate the rigidity of a connection under gravity loads, a beam-line 
analysis could be used, which provides a convenient way to determine the influence of 
the semi-rigid connection on the behaviour of an elastic beam.  
To obtain the beam-line (Figure 1.3) for a particular single beam subjected to 
uniformly distributed load µZ¶, the moment-rotation diagram is constructed considering 
the extreme conditions. The first condition is a pinned beam to determine point A, 
which represents the rotation (W L3
24 EI
) of the beam at supports under distributed load. The 
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second condition is a fully-rigid beam to determine point B, which represents the 
hogging moment of the beam ( W L2
12
) at the supports under distributed load. The line that 
connects points A and B is known as the ³EHDP-OLQH´.  
In Figure 1.3, line 1 represents the behaviour of a fully-rigid connection, and line 
2 represents the behaviour of an ideally pinned connection. To assess any connection, 
the moment-rotation plot needs to be verified against the beam-line. If a moment-
rotation relation (e.g. line 3) fails to cross the beam line, then the connection is 
considered as pinned due to the lack of the exhibited ductility.  
On the other hand, if the moment-rotation relation (e.g. line 4) crosses the beam-
line, the connection will have sufficient ductility and achieve the required strength to be 
considered as a semi-rigid connection, and might be considered as a fully-rigid 
connection when the difference is negligible in comparison to line 1. For full 
assessment of plot 4, the classification limits for the semi-rigid zone given by the codes 
of practices need to be verified, which will be presented in detail in Chapter 2. 
 
Figure 1.3 Moment-rotation characteristic of beam-column connections 
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1.7.3 Strong connection concept 
As mentioned in Section 1.7.1, an equivalent monolithic beam-column connection 
could be achieved by designing the connection to be stronger than the adjoining 
members; the connection is designed to remain elastic while inelastic action takes place 
away from the connection. Beam-column joints should to be designed in such a way to 
force the failure to happen in the beam outside the joint (Hegger et al, 2004); it is 
especially advised to adopt this concept in buildings subjected to seismic loads (Ghosh 
et al, 1997; ICBO, 1997). The non-linear yielding region should be separated from the 
column by a distance not less than one half of WKHPHPEHU¶VGHSWK, as recommended by 
UBC code of practice (ICBO, 1997). 
In the current study the concept of a strong connection has been used to strengthen 
the semi-rigid beam-column connection to control the crack width within the connection 
zone under gravity loads. This will guarantee avoiding yielding and slippage within the 
connection and move the final failure away from the connection.  
 
Figure 1.4 Non-linear action region and location (Ghosh et al, 1997) 
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1.8 Layout of thesis 
This thesis structure is organised into nine chapters, as follows. 
A) Chapter 1 introduces the research background and significance, in addition to the 
aims and objectives.  
B) Chapter 2 presents the literature review related to the current investigation. 
C) Chapter 3 presents the test set up and the results of the small-scale biaxial 
compression tests for beam-column connections. 
D) Chapter 4 describes the test set up for the full-scale beam-column connection 
under gravity and sway loads.  
E) Chapter 5 presents and discusses the results obtained from the full-scale tests 
under gravity loads. 
F) Chapter 6 presents and discusses the results obtained from the full-scale tests 
under sway loads. 
G) Chapter 7 introduces the finite element method with the application of the 
ANSYS software. This is to produce a 3D FE model simulating the semi²rigid 
behaviour of the connections tested under gravity loads.  
H) Chapter 8 presents the analysis and design considerations for the tested beam-
column connection configuration, including performing semi-rigid frame 
analysis using different techniques to quantify the sufficiency of the connection 
in real frames. 
I) Chapter 9 highlights the main research findings, conclusions and 
recommendations, in addition to suggestions for further research. 
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2.1 Introduction 
The main purpose of this chapter is to gather the existing knowledge that would 
be useful for the current investigation of discontinuous beam-column connections in 
precast concrete construction. A review of the existing literature regarding 
discontinuous precast concrete connections is presented in Section 2.2. In the following 
four sections (as referred to in Figure 2.1), the behaviour mechanism and design 
provisions for mortar joint infill, grouted reinforcing bars, bond of steel bars, and dowel 
action are presented. In Section 2.7, the semi-rigid response is evaluated; in addition, 
the available classification systems are presented and discussed. Finally, the available 
theoretical models for precast concrete beam-column connections with continuity 
reinforcement crossing the connection are reviewed in Section 2.8. 
 
Figure 2.1 Discontinuous beam-column behaviour components 
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2.2 Discontinuous beam-column connections 
As pointed out in Chapter 1, the available literature showed that only a little 
research has been carried out on the discontinuous beam-column connection type, the 
few exceptions being by Stanton et al (1986), Lindberg et al (1992), de Chefdbien and 
Dardare (1994), and Restrepo et al (1995). The main difference with the beam-column 
connection configuration investigated in the current study is that the connections in 
these researches did not provide hogging moment resistance capability under dead 
loads. This is in addition to differences in the reinforcement details and the amount and 
location of the in situ infill in comparison with the current study. In this section, the 
details of these experimental researches will be presented to show the available 
knowledge in the studied field and to avoid using details shown to be insufficient in 
these researches. 
Stanton et al (1986) and Dolan et al (1987) reported the results of the PCI 1/4 
study (Specially Funded Research and Development Programs 1 and 4), which 
examined the most common types of moment resisting precast concrete beam-column 
connections. Among the specimens, a discontinuous column connection (BC25) and a 
roof corner connection (BC29) were tested (Figure 2.2). 
 The BC25 connection was constructed using bolts to connect plates cast at the 
ends of the columns. The specimen was subjected to 1330 kN vertical load and cyclic 
reversed lateral loads. The failure happened at the third cycle by bursting the ties and 
buckling of the reinforcement. The final strength of the connection should have been 
covered by the strength of the bolts. Therefore, as it was concluded, this connection 
could develop the full strength capacity of the bolts by using additional column ties 
confinement. It was recommended to use 135º hooks as column ties near the connection 
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plates and avoid locating the connection at the points of the maximum moments and 
shift it towards the inflection point. It was suggested that connection BC25 is not 
reliable to be used as a moment resistant joint due to the sudden buckling failure of the 
column bars and the implication on the frame collapse.  
The BC29 was constructed by erecting the beam over dowels extending from the 
column. The dowels extended through ducts (sleeve) and filled with cement grout in the 
beam. The connection was tested to sustain moments, and it was found that the moment 
resistance of the connection is low; however, it showed very ductile behaviour. 
Therefore, it was advised to use this connection as a supplemental moment restraint, and 
to provide additional lateral restraint for the structure.  
These connections differ from the connection investigated in the current study by 
being used at roof level (BC29) and having the beam continuous and using different 
bolts and steel plates for continuity of the column (BC25).  
 
a) BC25 b) BC29 
Figure 2.2 Configuration of specimens BC25 and BC29 tested by Stanton et al (1986) 
Lindberg et al (1992) performed four tests on a storey height concrete frame that 
consisted of discontinuous beams and columns, as shown in Figure 2.3. The test 
specimens had different properties regarding geometry, reinforcement details, use of 
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hollow core slab slices, use of horizontal joint steel, and direction of loads. The most 
similar tests were 2 and 3. Even so, there was a difference in the direction of applying 
the loads, which theoretically reported to have no considerable effects.  
Test 1 was designed to find out the ultimate compression strength of the 
connection without any loads on the beams. The beam sections were prismatic without 
using hollow core slices and without any continuity steel bars in the horizontal 
direction. The failure happened in the top column at 2500 kN load, which was lower 
than the theoretical ultimate loads (3000 kN for the top column and 3800 kN for the 
lower column). This behaviour was attributed to the rotation of the beam ends under the 
column, without sufficient steel bars in the lower part of the top column; therefore, 
additional reinforcement steel ties were added at the column ends near the connection in 
the other three tests. However, this justification does not seem to be realistic as there 
were no applied loads on the beams.  
Test 2 (Figure 2.3b) aimed to find out the bending moment capacity of the 
connection under constant column load. T beams and four hollow core slab slices were 
used with horizontal continuity steel bars embedded in the joints between the hollow 
core and beam. The results were 90 kN ultimate loads at beams with a constant 180 kN 
column axial load.  
The purpose of test 3 was initially to find out the compressive strength of the 
connection while subjected to a constant bending moment at the beams. The geometry 
of test 3 was similar to test 2 except for applying loads from beneath rather than on top. 
At first, a 600 kN load had been applied to the column, then it was proposed to apply a 
100 kN load at the beams before applying the monotonic load on the column. 
Nevertheless, the connection failed at the 95 kN beam load, even though it was 
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theoretically supposed to sustain a 171.9 kN beam load. This behaviour was referred to 
the bond failure of the joint steels between the beams and the hollow core slices.  
Test 4 aimed to solve the early failure in tests 1 and 3 by providing steel plates at 
the column-ends near the connection, as shown in Figure 2.3 (the terms upper, lower 
and top should be read in conjunction with Figure 2.3c). No hollow core slices or joint 
steels had been provided; this was to examine the efficiency of the connection without 
them. In this test, it was required to investigate the compressive strength of the 
connection while subjecting to constant bending moment from the beams. The ultimate 
axial force on the column was 3600 kN with a constant 50 kN beam load. 
The outcomes of Lindberg¶s (1992) research showed that there was unfavourable 
behaviour in the column and beam, which the researcher attempted to solve by 
providing steel plates at the beam and column ends in test 4. It could be claimed that 
this test solved the problem in test 1 regarding the shortage in the connection to sustain 
the estimated axial force. However, it did not examine the moment capacity of the 
beam, as the beam load did not reach 171.9 kN (the theoretical limit) or even 100 kN 
(the proposed applied load in test 3). 
Providing the steel plates with additional welded steel bars (test 4) made the 
connection details more complex and might be considered as impractical for 
construction purposes. Therefore, in the current research, the intention was towards 
avoiding such complexity in the detail and, as an alternative, to use the full continuity in 
the beam and column main bars. 
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Figure 2.3 Beam-column connection specimens tested by Lindberg et al (1992) 
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Figure 2.3 (Cont.) Beam-column connection specimens tested by Lindberg et al (1992) 
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Comair and Dardare (1992) and de Chefdbien and Dardare (1994) presented a 
research conducted by CERIB in 1990, which aimed to classify the connections 
according to their location and used technology, presenting the test data and 
experimental work, including the details and the findings. One of the tested connections 
consisted of a column with two beam parts connected with the column by four threaded 
pins that pass through grouted sleeves in the beam, as shown in Figure 2.4. The 
connection included 100 mm cast in situ topping concrete with three steel bars as 
continuity top reinforcement for the beam. This connection type was considered as the 
most economical system in France.  
The main variables in the study were the type of the bedding materials (mortar or 
neoprene), vertical infill materials (concrete or expanded polystyrene) and the amount 
of the top continuity reinforcement in the concrete topping. The test was conducted by 
applying a constant loading of 200 kN to the column, simulating the upper storey 
column load, followed by applying monotonic beam loads to failure.  
The first cracks were vertical flexural cracks appeared between the precast 
concrete beam and the vertical cast in situ concrete due to the loss of interlock between 
them. At this stage the continuity bars tensioned immediately. The failure initiated by 
yielding of the continuity steel after flexure-shear cracks that started from the concrete 
topping and extended towards the precast concrete beams. By this yielding, the strain in 
the threaded bars between the column and beam increased significantly. The failure 
occurred by the yielding of the threaded bars accompanied with very large deflections.  
It was concluded that the continuity moment could be increased by 30% of the 
bending moment capacity of a simply supported beam. Two different types of behaviour 
were observed: quasi-bilinear for connections with solid materials in the bedding and 
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vertical infill, and non-linear for connections with soft bedding and/or vertical infill 
materials. While the existence of the soft elements as a beam bedding (Neoprene) or an 
infill between beams (Polystyrene sheet) did not affect the ultimate strength, it did 
introduce a complicated load-rotation curve as a result of the thrust between beams at 
large deflections. This behaviour is clear in Figure 2.5, as test BC3 included soft 
materials for both the bedding and the vertical infill between the beams. Based on that, 
in the current study, only the rigid filling option will be considered. 
Restrepo et al (1995) presented the results of six precast concrete moment 
resisting beam-column connection types used at the perimeter frames of buildings, 
which intended to emulate the behaviour of conventional cast-in-place reinforced 
concrete structures. Two of the tested connection systems had the connection in the 
beam-column region which comprised of discontinuous members (in construction 
terms).  
Figure 2.6a shows the details of the first type (system 1), where the lower part of 
the beam (580 mm height) was precast concrete and the top part (120 mm) was cast in 
situ concrete with the beam seated on 30 mm of the column below. The top column and 
the connection core were cast in situ also. Figure 2.6b shows the details of the second 
type (system 2), where precast concrete beams cross the column and the column main 
bars pass through 70 mm corrugated steel ducts (sleeves) preformed in the beam, and 
protrude to the above. The duct holes and the horizontal joints are filled with non-
shrinkage grouts.  
System 1 showed excellent performance with respect to strength and ductility 
with main beam cracks at the column faces, not at the vertical cold joint. Neither of the 
horizontal, vertical construction joints nor the anchorage of the beam bottom bars 
CHAPTER 2  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 2-10 
 
affected the cyclic load performance. This system was rather flexible due to poor bond 
condition within the connection core, where it was reported that, after the concrete set, 
excessive bleeding and plastic settlement of the fresh concrete was observed in the 
beam-column connection, which in turn affected the bond condition of the top beam 
bars. Regarding system 2, it displayed excellent performance, and it showed that the 
grouted ducts (sleeves) and the construction joints had insignificant effect on the 
behaviour. Both systems were tested under quasi-static cyclic reversed lateral loading, 
and the results showed that the connections could be designed and constructed to 
emulate cast-in-place construction. 
It has been reported that, to recognise the beam and column rotations at the joint 
faces caused by the penetration of strains in longitudinal bars into the joint and the 
curvature distribution in the beam, a suitable value for the second moment of area needs 
to be considered; this is necessary in order to conduct the elastic analysis. However, no 
relative beam-column rotations were reported in the paper to quantify this flexibility.  
From the research conducted by Restrepo et al (1995), it could be concluded that 
the horizontal and vertical construction joints in the proposed beam-column connection 
in the current study will not affect the behaviour as long as there is full continuity of the 
longitudinal bars across the joints. Also, the grouted ducts could have insignificant 
effect on the behaviour if they are confined with horizontal steel links. In the current 
beam-column configuration, it is not possible to provide such horizontal links; 
therefore, the effect of not providing such links will be investigated.  
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Figure 2.4 CERIB beam-column connection (de Chefdbien and Dardare, 1994) 
 
 
Figure 2.5 Moment-rotation relations of tests BC3 and BC5 (de Chefdbien and Dardare, 1994) 
BC5 
BC3 
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Figure 2.6 Beam-column connection specimens tested by Restrepo et al (1995) 
 
Hughes and Crisp (2010) presented the beam-column connection configuration 
that is shown in Figure 2.7, within the common precast concrete construction used in 
Melbourne, Australia. This configuration does not provide moment continuity for dead 
loads; in addition, it requires the beam to be clamped to the column by nuts and washers 
installed to coarse threaded column bars. In spite of this connection configuration being 
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used in real frames (Figure 2.7), the paper did not present any experimental or 
numerical invistigation for the behaviour.  
 
 
 
 
Figure 2.7 Beam-column connection configuration used in Australia (Hughes and Crisp, 2010 ) 
2.3 Precast concrete joint infill 
As mentioned earlier, the joint between precast concrete members has a 
significant effect on the behaviour of beam-column connections. It is required to set the 
thickness of the joints to zero but, due to construction reasons, some space should be 
provided between the elements. The space is usually filled with cement-based 
grout/mortar or concrete with small gravel sizes by using expansive cement to assure a 
full contact with the precast concrete elements and using shrinkage reducing admixture 
to control shrinkage cracks.  
 In the case of using a semi-rigid joint infill layer, such as cement mortar, the 
load-bearing capacity of a jointed connection µfj¶ is governed by the splitting stress of 
CHAPTER 2  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 2-14 
 
the precast concrete elements (Figure 2.8). This mechanism of failure is attributed to the 
expelling of the mortar to outside the joint, as there is no confinement at the borders. 
This expelling produces friction forces in the contact area between the precast concrete 
members and the mortar, which comes entirely from different strain responses of the 
contacted materials (different elastic modulus). These friction forces cause tensile 
splitting cracks in the precast concrete members (Figure 2.8b).  
 
a) Frictional forces due to relative b) Splitting stress in the column 
movement between mortar and concrete                                ( Elliott, 2002) 
Figure 2.8 Stress distribution at joint area using semi-rigid joint infill  
In the beam-column connection investigated in the current study, there are three 
locations of joint infill layers, which might undergo compressive stresses, within the 
connection zone (Figure 2.1). For these locations, fib (2008) recommended that:  
(i) the horizontal joint between the beam and lower column should be of a 3 mm 
minimum thickness sand/cement mortar; 
(ii) the horizontal joint between the beam and top column should be of a 10-30 
mm thickness to allow for deviations in beam level; 
(iii) the vertical gap between the beam-ends to be filled with a well-compacted 
expanding grout or a fine concrete depending on the available space. 
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In the fib (2008) recommendations, the compressive strength of the mortar µfm¶
was advised to be equal to the compressive strength of the precast concrete column µfp¶, 
but without specifying any maximum thickness limit. Generally, the load-bearing 
capacity of a jointed column V\VWHPµfj¶ is related to the thickness of mortar layer µW¶ and 
fm (Dragosavic, 1978; Vambersky, 1990), as listed below.  
x If fm is greater than fp, the mortar layer will not reduce fj, and fj = fp 
x If fm is less than fp, then fj is given as a proportion to fp through an efficiency factor 
µĮ¶(T(2.1)), which is varied according to the variation in k and r (Figure 2.9)  
f j   =   no   Į    fp                               (2.1) Ƚ =  k 5 ሺ1െkሻ+ r2
5 ሺ1െkሻ+ k  r2     ;  k = fm / fp  ; r = hc / t (2.2) 
 
Figure 2.9 Efficiency factor of joint   
Eq. (2.1) includes also a UHGXFWLRQ IDFWRU µQo¶, which is related to the quality of 
preparation of mortars under site conditions. The value of no was recommended to be 
taken equal to 0.9 for a pouring mortar, which is applicable to the current research, and 
equal to 0.7 for a dry packed mortar; However, higher values for no could be used if 
confirmed by tests (Vambersky, 1990). For r equal to 15, k equal to 0.5, and no equal to 
1, the efficiency factor is 0.989 according to Eq. (2.2) and Figure 2.9 , meaning that at 
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this geometry and material strength proportions, fm has almost no effect on fp. In the 
current study, the mortar joint will be aimed to be within this limit to minimise any 
influence of the mortar joint on the load-bearing capacity of the system (fj).  
In the same study presented above, Vambersky (1990) carried out a numerical 
modelling of a joint region to investigate the effect of using steel plates of different 
thicknesses (10 mm and 40 mm) on fj. The research concluded that using steel plates at 
the column-ends does not result in a significant increase in fj; also, it was shown that the 
splitting tensile stress in the column have nearly the same value, independent of the 
steel plate thickness. 
However, contracting to the above results, Minnert (1997) found that high 
strength concrete columns with steel plates adjacent to the mortar joint could develop 
full bearing capacity of a column without joint. This was attributed to the role of these 
plates in providing an effective confinement to the column ends which restrict the 
lateral strains and consequently leads to prevent destruction or spalling of concrete 
adjacent to the joint. On the other hand, providing transverse reinforcement mesh led to 
development of 90% of the load capacity of the system. In contrast to the model with 
steel plates, the failure happened by spalling of the column concrete cover near the joint 
and spalling of mortar outside the joint. Therefore, it was concluded that it is necessary 
to adopt a new model design for the transverse reinforcement at the joint. With respect 
to the concrete strains, it was recorded that the longitudinal compressive strain across 
the joint is greater than the strains in the normal concrete area (far from the joint). In 
addition, it was concluded that the existence of the steel plates at the joint enhance the 
ability of the longitudinal steel bars to transfer the compressive stress (Figure 2.10).In 
the beam-column connection configuration investigated in the current study, there is no 
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need for such steel plates to achieve this function; this is because the main steel bars are 
crossing the joint interfaces that ensure a direct transfer of the stress.  
 
Figure 2.10 Compressive strains at the end of longitudinal bars (Minnert, 1997) 
Saleh (2000) performed an experimental study on normal strength precast 
concrete columns with cement mortar joints incorporating two methods for jointing: (i) 
using steel plates, which were welded to the steel bars of the columns at the joint; and 
(ii) using reinforcement mats at the end of the columns. The specimens consisted of two 
parts of 200 x 400 mm cross section columns in 1000 mm and 500 mm heights for the 
lower and the upper part, respectively. The used mortar was 20 mm in thickness with 
compressive strength not less than that of the concrete columns. The experimental 
results showed the splitting stress in the presence of a steel plate is smaller in 
comparison with using transverse reinforcement. This feature using steel plates enhance 
the bearing capacity of the system. The research also presented a significant difference 
in the deformation across the joint in comparison to other column area. Figure 2.11 
shows the longitudinal strains in the column parts. From the graph, it is clear that the 
strain across the connection zone grew up rapidly at the beginning. This shows that 
there is a large deformation in this zone during the early stage of the loading due to self-
rearrangement of the connection parts. 
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Figure 2.11 Vertical strain progress of column parts (Saleh, 2000)  
Gorgun (1997) performed five tests on 100 x 100 mm cross-section prismatic 
specimens with different in situ concrete infill thicknesses. The original aim of the study 
was to simulate the behaviour of the bottom in situ infill in the billet beam-column 
connection type. However, the configuration of the specimens was such that it produced 
a uniaxial stress distribution in the specimens similar to column configuration. Table 2.1 
shows the results of the tests, where the effect of the infill is clear with a maximum 
reduction of 29% (as a percentage of the cube concrete strength) in case of using in situ 
infill with thickness equal to the width of the tested specimens. As well, it is notable 
from the table that the bearing capacity is the highest when the two parts of the 
specimen were put directly on each other without in situ infill; even the difference is 
slight (4%) in comparison with the 25 mm thickness joint.  
Table 2.1 Results of axial compression tests conducted by Gorgun (1997) 
Test Reference A1 A2 A3 A4 A5 
Infill depth, mm ----- 0 25 50 100 
Precast cube strength         (N/mm2) 40.8 40.8 40.8 40.8 40.8 
Infill strength                    (N/mm2) 21.2 21.2 21.2 21.2 21.2 
Effective secant modulus (kN/mm2) 26.3 20.0 18.7 13.9 13.3 
Ultimate strength               (N/mm2) 31.8 30.0 28.0 24.0 20.0 
Ratio of ultimate strength to precast 
concrete cube strength 0.78 0.73 0.69 0.59 0.49 
* Specimen A1 represents solid precast specimen without joint. 
   Specimen A2 represents a two-piece specimen with a 0 thickness joint between them. 
   The effective secant moduli measured at 2/3 of the ultimate load. 
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Barboza et al (2006) performed a study concerning load-bearing capacity of 
mortar joints between precast concrete members considering several variables. The 
model consisted of two segments of 175 mm square cross-section columns reinforced 
with 4 Ø 10 mm as the main reinforcement, Ø 5 mm each 90 mm as stirrups, with 15 
mm, 22.5 mm, and 30 mm mortar joint between them. The model was loaded axially by 
compression load, and the outcomes of the research included the following. 
x Compared with a system of a column made of two separate parts without joint, the 
load-bearing capacity of the jointed column system increased by 9-10% with the 
presence of mortar joint when the thickness not greater than 12.8% of the column 
width (the specimens with 15 and 22.5 mm mortar joint).  
x Using 30 mm thickness for the mortar joint (17.1% of column width) led to a 6% 
reduction in the load-bearing capacity. 
x Increasing the mortar strength had no significant effect on the bearing capacity 
x Using column links with closer spacing at the connection area did not increase the 
load-bearing capacity; however, the ductility of the system increased, which led to 
restricting the rupture.  
Commenting on the first conclusion, the increase in the load-bearing capacity is 
related to the role of the thin mortar joint in achieving the full contact at the interfaces. 
In the case of the column of separate parts without joint, it is difficult to achieve such 
full contact, which is the reason for achieving lower load-bearing capacity in 
comparison with the case of thin mortar layer.  Theoretically, the thinner the joint (up to 
the direct contact), the less the effect of the joint, as Gorgun (1997) has showed. The 
other conclusion regarding the effect of the mortar strength does not seem to be realistic 
as the used ratio of k (fm/fp) was between 0.75 and 2.36, and the value of hc/t was equal 
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to or less than 11.67 (175 mm /15 mm). By projecting these values in Figure 2.9, this 
range represents only a very small zone in the graph, which is the zone that is very close 
to achieving 1 as an efficiency factor. However, as the practical values of k and hc/t in 
real construction practice are around these figures, the above conclusions could be valid 
for the joint behaviour in practice.  
From the above review of literature, it appears that there is less agreement 
regarding the effects of the joint infill thickness, joint infill strength and the use of steel 
plates on the ultimate bearing capacity of precast concrete axial members. However, 
there is a general agreement that to enhance the bearing capacity of a system of jointed 
column; it is required to use a joint infill of limited thickness with compressive strength 
µfm¶ close to the compressive strength of the adjoining members µfp¶. However, any 
variation in fm between 50-100% of fp would not affect the ultimate bearing capacity of 
the system µfj¶ if the joint thickness is taken not greater than 1/15 of the minimum 
thickness of the adjoining members (see Figure 2.9). The last statement will be 
examined in Chapter 3, through evaluating the loading-bearing capacity of the column 
in the beam-column connection investigated in the current study through small-scale 
tests. The outcome of the small-scale tests will also demonstrate the effects of not using 
steel plates or steel mats at the ends of the columns. 
2.4 Grouted reinforcing bars 
In precast concrete connections, as a way to emulate the cast-in-place 
construction, the ducts (sleeves) and trough serve to house the connectors (steel bars), 
and they are filled with cement-based grouts. As shown in section 2.2, the grouted 
reinforcing bars were used in almost all the presented connections, and showed a 
sufficient capability to transfer tension forces of the connectors. In this trend, for a 
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proper use of grouted reinforcing bars, it is necessary to take into consideration many 
aspects regarding the properties of used materials and the construction detailing. The 
PCI Design Handbook (2004) presents the design provisions for reinforcing bars 
embedded in grout-filled metallic conduit, as set out below. 
1- Having 76 mm as the minimum concrete side cover over the conduit. 
2- The conduit should be of  0.6 mm as a minimum thickness. 
3- Having 12.5 mm as a minimum annular space around the bar. 
4- The minimum grout strength should not be less than 34.5 MPa. 
5- The grout should be non-shrink. 
6- The embedded length is 381 mm for steel bars of 19 mm, for grouts with a 
cylinderal compressive strength (fc) not less than 34.5 MPa. For higher grout 
strengths, the embedded length need  to be  multiplied by  ඥ34.5/݂c. 
7- Confinment steel is required in most applications. 
8- Necessary care should be taken to prevent water from entering the ducts before 
concrete casting, especially in freezing weather. 
In the same respect, fib (2008) suggests using of corrugated steel sleeves, avoiding 
forming of air pockets; and using sleeves with a diameter of at least 30 mm greater than 
the projecting bars to ensure a complete encasing of the bars. Also, it is advised to 
provide a minimum concrete cover for the duct of not less than the duct diameter, and 
the clear distance between adjacent ducts also should not be less than the duct diameter. 
Providing insufficient cover may lead to anchorage failure (splitting of the surrounding 
concrete) with splitting cracks through the concrete cover. To prevent such failure, fib 
(2008) suggests confining the concrete around the anchorage zone through use of 
transverse reinforcement. 
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Brenese (2005) studied the influences of the duct material, number of connectors, 
bar eccentricity, and transverse reinforcement on the anchorage behaviour of grout 
vertical duct connections for precast concrete bent cap-to-column connections used in 
bridge prefabrication (Figure 2.12). This research confirmed what is recommended by 
fib (2008) for using galvanised steel ducts instead of plastic ducts, as using of steel 
ducts increased the strength and the initial stiffness and prevented pulling out the grout 
plug. In addition, the galvanised steel ducts provided passive confinement with 
relatively stable bond-slip behaviour. Also, it has been reported that locating the 
connectors close to the duct circumferences decreases the bond strength, and providing 
transverse reinforcement in the connection zone does not improve connection 
behaviour, and increasing the number of connectors reduces the bond strength. 
 
Figure 2.12 Grout bond tests conducted by Brenes (2005) 
Raynor et al (2002) tested bars grouted over a short length (50 mm) in ducts and 
subjected to cyclic load. The reported results showed that the slip of the bars occurs due 
to crushing of the grout ahead of the bar ribs rather than by splitting, as the steel duct 
works as a confinement for the grout. In addition, the grout achieved a higher peak bond 
with the steel bar in comparison with concrete of same compressive strength. 
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Kuttab and Dougill (1988) conducted experimental tests on grouted and dowelled 
jointed precast concrete columns subjected to combined bending and axial load (Figure 
2.13). The specimens consisted of two 900 mm length column parts in a 200 x 200 mm 
section with a 25 mm thickness joint. The results were compared with a monolithic 
column with the same cross-section dimensions and reinforcement. In the precast 
samples, additional lateral reinforcement was used near the joint and at the loaded ends. 
The proportion of the grout was a 1:1 sand/cement grout mix with non-shrinkage 
admixture and a 0.45 water/cement ratio. The grouting was executed by using a pump 
and maintaining the pressure for at least 1 min after the grout appeared in the outlet. 
As can be seen in Figure 2.14, the load capacity achieved in the grouted and 
dowelled jointed precast concrete columns introduced an axial load-bending moment 
interaction characteristics which are equal to those of the parent rigid column. In Figure 
2.14, the solid lines represent the interaction diagram for the monolithic column, and the 
broken lines represent the bounds of the precast joint behaviour when the strength is 
controlled by a different arrangement of corner reinforcement column. The mode of 
failure in the jointed precast column was localised in the joint with opening or crushing. 
 
Figure 2.13 Grouted and dowelled column connection tested by Kuttab and Dougill (1988)  
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Figure 2.14 Strength envelopes for columns tested by Kuttab and Dougill (1988) 
Based on the above review of literature, in the current study, corrugated steel 
sleeves will be used to house the steel bar connectors taking in consideration the 
guidance of PCI (2004) presented at the beginning of this section.  
2.5 Bond of steel bars  
Bond is the interaction between reinforcement and concrete/grout to transfer 
tensile stresses from the steel to the surrounding concrete along the anchorage length 
through mechanical interlocking of bar ribs, adhesion and friction. The adhesion effect 
is small, and the effect of friction is not pronounced until the occurrence of slip; hence, 
the mechanical interlocking plays the main rule in the bond. 
The bond stresses are developed due to the relative displacements between the 
reinforcing bars and the surrounding concrete/grout, and appear only within a limited 
length µld¶ that is shorter than the anchorage length. Figure 2.15 shows the steel stress 
and bond stress along the bar length at low and high tensile stresses. 
The bond mechanism comprises exerting inclined stresses from the steel bar on 
the concrete which could be analysed into a parallel component (bond stress), which 
might lead to pull-out failure, and a normal component/radial component (splitting 
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stress), which in turn might lead to splitting failure in the case of having an insufficient 
concrete cover (Figure 2.16). To prevent the splitting failure, fib (2008) recommended 
the use of a concrete cover of not less than 3 WLPHVWKHEDUGLDPHWHUµØ¶, while CEP-FIP 
Model Code 1990 (1993) proposed 5 Ø as the minimum cover for the same purpose, or 
alternatively to use great amounts of transverse stirrups. 
The bond stress is distributed along the anchorage length with a maximum value 
at the loaded end (active end), as shown in Figure 2.15. This is because the steel 
strain/stress at the passive end is zero and the bond stress results from the difference in 
the strain between the steel and the surrounding concrete. For a local bond-slip relation, 
based on pullout tests of steel bars of short embedded length, CEB-FIP Model Code 
1990 (1993) proposed a bond-slip relation over a short length for situations where the 
local bond slip behaviour is required to be considered (Eqs. (2.3) to (2.5)). The model is 
illustrated in Figure 2.17 with parameters described in Table 2.2. 
ɒ = ɒmax  ቀ SbSb 1  ቁȽ                                                                   for  0   6b 6b1 (2.3)  ɒ = ɒmax                                                                                 for Sb1 6b 6b2 (2.4) ɒ = ɒmax െ  (ɒmax െ  ɒf  )   SbെSb 1Sb 3െSb 2                                    for Sb2 6b  6b3  (2.5) 
 
Figure 2.15 Typical anchorage behaviour (fib, 2008) 
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Figure 2.16 Pull-out and splitting failure 
(fib, 2008) 
Figure 2.17 Analytical bond stress-slip 
relationship (CEB-FIP, 1993) 
 
Table 2.2 Parameters for defining the mean bond stress-slip relationship  
                of deformed bars (CEB-FIP, 1993) 
 
Confined Concrete (pull-out) Unconfined Concrete (concrete splitting)  
Good bond cond. All other bond cond. Good bond cond. All other bond cond. 
Sb1 1.0 mm 1.0 mm 0.6 mm 0.6 mm 
Sb2 3.0 mm 3.0 mm 0.6 mm 0.6 mm 
Sb3 Cclear* Cclear* 0.6 mm 2.5 mm 
Į 0.4 0.4 0.4 0.4 
Ĳmax ¥fck ¥fck ¥fck ¥fck 
Ĳf 0.4 Ĳmax 0.4 Ĳmax 0.15 Ĳmax 0.15 Ĳmax 
*cclear is the clear distance between steel bar ribs 
The parameters in Table 2.2 were reported to be valid for concrete of: (i) a clear 
cover µC¶ not less than Ø with a minimum transverse reinforcement µAst¶ equal to 0.25 n 
As for the case of unconfined concrete; and (ii) C  5 Ø with bar FOHDUVSDFLQJ10 Ø 
and Ast Q$s in the case of confined concrete. In which, Ast is the stirrup bar area along 
the anchorage length, n is the number of main bars surrounded by the stirrups, and As is 
the area of one main steel bar.  
As shown in Table 2.2, CEB-FIB Model Code 1990 (1993) distinguishes between 
two bond conditions: confined status, when the steel bar is embedded in concrete either 
by having sufficient cover or a transverse reinforcement and the failure will be by 
pulling out the bar; and unconfined status, when the failure is of the splitting type. In 
addition, both conditions are sub-divided into two subcategories: µgood¶ DQGµDOO other 
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cases¶ bond conditions. The µgood¶ bond condition occurs when the steel bars have 45-
90º with the horizontal during construction, or less than 45º but the bars are either 
within  250  mm  from the  bottom or not within 300 mm from the concrete top edge 
(fib, 2008). 
As an alternative to this varied bond stress distribution in Figure 2.15, and based 
on the assumption that the bond stress is constant and not influenced by the stress level 
in the steel bar (fib, 2008), the transmission length µlt¶ could be obtained in the elastic 
range considering the equilibrium between the external applied load (ıs ʋ Ø2 / 4) and the 
average/nominal bond stress µĲa¶ along the transmission length (Eq. (2.6), Eq. (2.7),  and 
Figure 2.18).  
ɐs  Ɏ  ׎24  =   ɒa  Ɏ ׎ ݈t1                                                             (2.6) ݈t1 = ݈t2 +  2 ׎ =   ׎ ɐs   4  ɒa  + 2 ׎ ൑  ݈a                                                             (2.7) ܾܵend = 12   ɐs    Es   ݈t1  +  ɐs    Es   2 ׎                                                             (2.8) ܾܵend = 18   ɐs 2  ׎  Es    ɒa  +  ɐs    Es   2 ׎                                                             (2.9) 
The 2nd term 2Ø in Eq. (2.7) refers to the influence of the concrete cone failure at 
the active steel bar end, and the 2nd term in Eq. (2.8) is the slip due to this effect. The 1st 
term in Eq. (2.8) is based on the fact that the steel stress variation along the transmission 
length is varied linearly. It should be mentioned that Eq. (2.9) is valid for the conditions 
where the embedded length µla¶ is greater than the transmission length µlt¶, and for steel 
stress state less than the yield strength µfy¶. To relate Ĳa with the maximum local bond 
stress µĲmax¶, fib (2008) proposed a linear relation (Eq. (2.10)) with the ߙt values varying 
according to the steel bar diameter, as shown in Table 2.3. ɒa =     Ƚt    ɒmax  (2.10) 
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Table 2.3 Recommended values for ߙt in Eq. (2.10) (fib, 2008) 
Bar diameter, Ø (mm) 6 8 10 12 16 20 24 32 ߙt 0.3 0.32 0.34 0.36 0.4 0.42 0.45 0.45 
 
Figure 2.18 Simplified end-slip response prior to yielding (fib, 2008) 
In the current research, the continuity of the beam top steel bars is provided by 
embedding them in a narrow trough made at the middle-top of the beam and grouted 
with cement-based grout, which might require a different bond-slip model from that 
presented in Table 2.2. From the available literature, no study was found to model the 
bond-slip relation between steel bars and cement-based grouts. Most of the available 
studies are dealing with either grouting steel bars into steel ducts (Brenes, 2005; Raynor 
et al, 2002) or grouting reinforcement into holes drilled in existing concrete (Darwin 
and Zavaregh, 1996). Based on this fact, for the analytical part in the current study, the 
CEP-FIP model (1993) will be used in the current research to represent the bond of the 
reinforcement with cement-based grout, which will be calibrated experimentally 
through pull-out tests (Appendix F). 
2.6 Dowel action 
Under large sway loads, the beam-column connection type investigated in the 
current study experiences sagging moments (Figure 2.19a), which produce tensile 
forces in the beam bottom bars. As these bars are not continuous across the connection 
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but are bent around the dowel steel bars extended from the bottom column, the tensile 
forces are transmitted to the dowel bars as shear forces acting at the joint interface. The 
shear forces are resisted initially by the adhesion and friction of the joint interface prior 
to the occurrence of the shear slip. This slip generates tensile stresses in the dowel bars. 
These stresses result in a compressive force of the same amount and act in the opposite 
direction on the concrete, which could crush the concrete when a very high shear force 
is applied. It is advised to not rely on the adhesive due to the fact that the efficiency 
depends to a large extent on the workmanship and cleaning of the interfaces prior to 
grouting (fib, 2008). 
The failure mechanism for the dowel bars in the situation shown in Figure 2.19 
occurs by formation of two plastic hinges in the dowel at some distance from the 
interface accompanied by an uncontrolled large shear displacement. This failure 
mechanism happens when the dowel bar is embedded in a well confined continuum, 
which is obtained either by having sufficient concrete cover for the dowel bar or 
adequate transverse confinement reinforcement around it. The formation of the two 
plastic hinges happens simultaneously when there is the same strength grade for the 
concrete/grout at both sides, and the point of inflection appears in the middle of the 
joint. On the other hand, in case there are two different strength grades, the 1st plastic 
hinge starts at the weaker side, and the ultimate shear load is reached by the formation 
of the 2nd plastic hinge. 
According to fib (2008), for a double-sided dowel action, the ultimate shear 
capacity would develop at a shear displacement µSdmax¶, which is taken as a ratio of the 
dowel bar diameter µØ¶ (Eq. (2.11)). The ultimate shear strength µFvR¶ is calculated 
according to Eq. (2.12), where µfc,max¶ is the compressive strength of concrete at the 
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stronger side, fy is the strength grade of the dowel bars, and Į0 is a coefficient taken to 
be 1.15 for double-sided dowels (fib, 2008). To calculate the shear load at which the 
plastic hinge develops at the weaker side could be obtained by applying Eq. (2.12) with 
using fc,min instead of fc,max. 
Sdmax    =   0.1 ׎   (2.11) ܨvR =   Ƚ0 ׎2ට c݂,max    .   y݂     (2.12) 
 
Figure 2.19 Dowel action mechanism in the beam-column connection studied 
Although Eq. (2.12) is proposed for the direct dowel action mechanism, it will be 
used in the current research, to predict the sagging moment capacity of the connection 
under lateral loads by considering the maximum tensile force in the beam bottom bars Ft 
to be controlled by FVR. In this model, the contribution of friction between the beam and 
the mortar bedding in the resisting system is assumed to be negligible, where the 
friction effect is lost when crack opens (Dulacska, 1972); this is as a result of the 
opening moments that produce tensile stresses at the interface. When there is no such 
opening moment, the friction contribution comes from the compressive stress due to 
external loadings or the steel pull-out (Tsoukantas and Tassios, 1989).   
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2.7 Semi-rigid response consideration 
As mentioned earlier, the assumption of ideally-pinned or fully-rigid connections 
simplifies the analysis and design approaches. Alternatively, when the behaviour of a 
connection falls between these two extremes, it needs to be dealt with in a different 
approach using a semi-rigid frame analysis. In this type of analysis, the effect of the 
connection flexibility in the frame analysis is modelled through rotational springs, 
attached at member ends, with specified rotational stiffnesses. 
To quantify the connection rotational stiffness µ6¶ for classification purposes and 
to include it in the analysis, Monforton and Wu (1963) introduced the end-fixity factor 
µȖ¶ as a non-dimensional parameter to associate S with the beam stiffness (3EI/L): 
ɀ =   ߠe
 ߠt = ߠeɅ  + ߠe  =  L3 E  I1
S
+ 
L
  3 E  I
  
=  
1
1 +  
3 E  I
S   L  
 
 
 
(2.13) 
 
 
Figure 2.20 Fixity factor rotation components 
Where șe is the end-rotation due to a unit end-moment, ș is the connection 
rotation due the semi-rigid behaviour of the connection, and EI/L is the flexural 
stiffness of the member. S is the rotational spring stiffness, which varies from 0 to 
and, by applying Eq. (2.13), Ȗvaries from zero for pinned connections (S = 0) to 1 for 
fixed connections (S
 
= ). Considering both member ends, each member has two fixity 
factors Ȗi and Ȗj as shown in Eq. (2.14). 
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ɀi =  1
1 +  
3 E  I
S i   L  
 
    ;  ɀj =  1
1 +  
3 E  I
S j   L  
 
 
(2.14) 
For members with same end rotational stiffness (Ȗi = Ȗj), the modified beam-end 
moment µME¶, modified mid-span moment µMS ¶, mid-span deflection µįs¶, and the end-
rotation µșE¶ of a single span beam subjected to a uniformly distributed load µW ¶ are as 
given in Eqs. (2.15) to (2.17) and illustrated in Figure 2.21. 
ME = MF  ቀ 3 ɀ2 +  ɀ  ቁ  ;   MS = MF  ቀ3െ1.5 ɀ2 +  ɀ  ቁ ;  MF =  W L212   (2.15) Ɂs =  5 W L4
384 EI  
 ൬2 െ 1.4 ɀ
2 +   ɀ ൰ (2.16)  ɅE =  W L324 EI   ቀ1 െ 3 ɀ2 +  ɀ  ቁ    (2.17) 
 
Figure 2.21 Semi-rigid beam moments and deformations versus fixity factor 
For instance, Figure 2.22 shows the fixity factor Ȗ for a beam of 6000 mm long, 
300 x 400 mm cross-section (second moment of area equal to 1.6E9 m4) and modulus of 
elasticity of 38000 N/mm2 with a beam-column of rotational stiffness µ6¶ varying from 
0 to 600000 kNm/rad. Figure 2.22 reveals that Ȗ is susceptible to the change in S at low 
stiffness (close to pinned), while the change in S has a very little effect at high stiffness 
(close to rigid).  
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Apart from the Brazilian code of practice NBR 9062 (2005), the available 
concrete codes (EC2 (CEN, 2004b); ACI code, 2008) do not cater for semi-rigid 
analysis in precast concrete structures, and most of the available classification systems 
are dealing with steel work, such as the AISC code (2005) and EC3 (CEN, 2005b). 
Figure 2.22 and Table 2.4 present the limits of four classification systems for defining 
the boundary of semi-rigid connections based on stiffness. In EC3, the limit between the 
rigid and semi-rigid zones is based on the Euler instability criterion to ensure that 
flexibility does not reduce the axial bearing capacity of a member more than 5% (Kishi 
et al, 1997) and, according to this system; connections could be classified according to 
their rotational stiffness or their moment resistance. 
 
Figure 2.22 Fixity factor versus connection stiffness  
Both EC3 and NBR 9062 set 0.5 EI/L, and AISC set 2 EI/L as the rotational 
stiffness limit for pinned connections. Beyond these limits, connections are considered 
to be semi-rigid. The limit for considering a connection as rigid is 20 EI/L in both ASCI 
and NBR 9062, while EC3 distinguishes between braced and unbraced frames by 
setting 8 EI/L for the first type, and 25 EI/L for the second type. The upper limit for the 
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semi-rigid behaviour in NBR 9062 (20 EI/L) is lower than that proposed in EC3 (25 
EI/L) for unbraced frames, which is possibly due to the fact that NBR 9062 deals with 
concrete frames where concrete members are stiffer than steel members.  
Bjorhovde (1990) suggested a classification system intended for the case where a 
prior knowledge of the members and structural details are not available. In this system, 
the connection rotational stiffness is represented by a ratio of the beam rigidity µ(,¶
divided by a reference beam length µLU¶, which is taken as a multiple of the beam depth 
µK¶. Lr correlates the connection rotational stiffness µ6¶ with EI (Lr = EI / S). The 
connection is classified according to the equivalent reference length Lr; ideally pinned 
when Lr is less than 2h, semi-rigid when Lr is between 2h and 10h, and as fully rigid 
when Lr is greater than 10h. 
Table 2.4 Connection classification systems 
 EC3 (CEN, 2005b) 
Braced Unbraced 
Fixity factor Rotational Stiffness Fixity factor Rotational Stiffness 
Rigid           Ȗ < 0.14                 S < 0.5EI/L           Ȗ < 0.14                 S < 0.5EI/L 
Semi-rigid 0.14  Ȗ  0.73 0.5EI/L  S  8EI/L 0.14  Ȗ  0.90 0.5EI/L  S  25EI/L 
Rigid    0.73 < Ȗ     8  EI/L < S      0.89< Ȗ   25  EI/L < S   
 NBR 9062 (2005) 
Fixity factor Rotational Stiffness 
Rigid           Ȗ < 0.14                 S < 0.5EI/L 
Semi-rigid 0.14  Ȗ  0.86 0.5EI/L  S  20EI/L 
Rigid                       0.86< Ȗ                    20 EI/L < S   
 AISC (2005) 
Fixity factor Rotational Stiffness 
Rigid         Ȗ < 0.40          S < 2EI/L 
Semi-rigid 0.40  Ȗ  0.86 2EI/L S  20EI/L 
Rigid                    0.86 < Ȗ                 20 EI/L < S 
 Bjorhovde et al (1990) 
Fixity factor Rotational Stiffness 
Rigid         Ȗ < 0.40          S < 2EI/L 
Semi-rigid 0.40  Ȗ  0.77 2EI/L S  10EI/L 
Rigid                     0.77 < Ȗ                 10 EI/L < S 
Based on the strength, EC3 classifies a connection as pinned when the design 
PRPHQWUHVLVWDQFHRI WKHFRQQHFWLRQµ0con¶ LV OHVVWKDQRUHTXDO WRRIWKHGHVLJQ
PRPHQW UHVLVWDQFH RI WKH EHDP µ0b¶ %HVLGHV WKH FRQQHFWLRQ LV FDWHJRULVHG DV ULJLG
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when Mc is not less than Mb. Similarly, AISC suggests classifying a connection as 
pinned when Mcon/Mb is less than 0.2. Bjorhovde et al (1990) classified a connection as 
pinned, semi-rigid and rigid when the Mcon is less than 20% Mb, between 20% Mb and 
70% Mb, and greater than 70% Mb, respectively. 
Nethercot et al (1998) pointed out that the separate use of the stiffness and 
strength criteria in the EC3 classification system gives inconsistent results, and might 
place a connection in two different categories; for instance, a connection could be 
classified as partial strength and rigid at the same time. Therefore, Nethercot et al 
suggested that both the strength and stiffness characteristics need to be considered 
simultaneously in classifying connections. In this trend, Ferreira (2001) suggested a 
classification system for connections in unbraced frames that works in this direction. In 
this system (Figure 2.23), in addition to the ideally pinned (zone I) and fully rigid zone 
(zone V), the semi-rigid zone is divided into three zones: semi-rigid low-strength (zone 
II), semi-rigid medium-strength (zone III), and semi-rigid high-strength (zone IV).  
According to Ferreira (2001), connections of zone II Ȗ 0.4, 0E /MF 
 0.5) are not suitable to be used to act in resisting moment; in spite of that, this use 
would help to reduce the lateral drifts and column base moments. Connection in zone III 
  Ȗ  0.67,   0E/MF  0.75) can restrain 50% to 75% of the fully-rigid 
connections and could be used to act in resisting moments. Connections in zone IV 
(0Ȗ 0.86, 0E/MF  0.9), which can restrain 75% to 90% of the fully-rigid 
connections, are quite suitable to be used in unbraced frames up to 10 storeys. 
Regarding ductility requirements, connections of zone III are required to be proved 
experimentally that they offer sufficient ductility to be suitable for stabilisation of sway 
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frames, while connections of zone IV were proposed to be suitable to be used in a non-
seismic zone without the need for verification of ductility.  
 
Figure 2.23 FerreiUD¶VFODVVLILFDWLRQV\VWHP (Ferreira, 2001) 
2.8 Semi-rigid joint modelling 
As has been shown earlier, the connection rotational stiffness µS¶ is considered an 
essential measure for the deformability and for characterising the behaviour of beam-
column connections, whether it is pinned, rigid or semi-rigid. In the case of the semi-
rigid connections, S is required to be used in the frame analysis, which could be found 
most effectively by experimental tests. However, for economical reasons, developing 
theoretical models for characterising connection rotational behaviour is essential and it 
is a cost-effective alternative tool.  
To determine S (M/ș, two connection parameters are required including the 
moment capacity µ0¶ and the relative beam-column rotation µș¶. For a non-linear 
moment-rotation (M-ș) relation, S could be incorporated in the frame analysis in two 
different ways: 
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(i) using an actual non-linear moment-rotation relation (M-ș, curve 1 in Figure 
2.24) to characterise connections. For instance, this could be done in ANSYS 
software (2004) by assigning non-linear rotational springs COMBIN39 at the 
member ends; 
(ii) using a bilinear elastic idealisation for M-ș to characterise the connection 
behaviour. The initial stiffness µ6in¶ characterises the uncracked section, but it 
is too high to be used in frame analyses taking into consideration the stiffness 
degradation with the increase in the moment. Therefore, as a conservative 
approximation, the secant rotational stiffness µSy¶ at the onset of yielding of 
reinforcement (curve 2 in Figure 2.24) could be used in semi-rigid frame 
analysis; Sy in the current study will be called yield secant rotational stiffness, 
which could be incorporated in ANSYS software (2004) by assigning linear 
rotational springs COMBIN14 with stiffness equal to Sy at the member ends. 
In the 2nd approach, the bilinear relation (curve 2 in Figure 2.24) provides a 
practical characterising for M-ș relation by providing Sy, which gives an integrated 
average of how the connection behaved until this point. Also, the true rotational 
stiffness at the service load stage for a single beam of length µL¶ with second moment of 
area µI¶, modulus of elasticity µE¶, and subjected to a uniform distributed load µW¶ could 
be found by using the so-called beam-line (Figure 2.24). The beam-line represents the 
flexural characteristics M-șof a beam subjected to a certain load in the elastic state. The 
intersection of the experimental curve (curve 1) with the beam line (curve 3) will give 
the compatible moment µ0se¶ rotational deformation µșse¶, and the rotational stiffness 
µ6se¶ would be equal to Mse / șse.  
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Gorgun (1997) and Mahdi (1992) used what was called the ultimate secant 
rotational stiffness µ6u¶0u / șu) to characterise the connection behaviour which covers 
both the elastic and plastic parts behaviour. In the current study, Sy is used to 
characterise the behaviour of the investigated beam-column connection within the 
elastic range, and considering Sy as the representative measure for the semi-rigid 
behaviour under gravity and wind loads. 
 
Figure 2.24 Rotational stiffness  
Any analytical models should provide a realistic estimation for the two parameters 
My DQG șy. The beam-column connection type investigated in the current study has 
continuity bars crossing the connection that make it potentially capable to mobilise the 
full beam hogging moment, and therefore the conventional method for determining My 
could be used, which will be validated experimentally. However, the challenge task is 
estimating șy, which will be determined in the current study through analytical 
modelling.  
As there are many different beam-column connection configurations which imply 
the need for several models, each one could model a certain type or a range of similar 
types of beam-column connections.  From the literature review, it appeared that there 
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are very limited calculation methods for modelling the M-ș relation of precast concrete 
beam-column connection with continuity beam steel bars crossing the connection. For 
such connection type, Ferreira (2001) proposed that the column and beam relative 
URWDWLRQ șy at yielding, in beam-column connections with continuity bars crossing the 
connection, is attributed to joint opening resulting from the elongation of the beam 
tensile reinforcement within the anchorage length in the column (fy le/Es d), and to the 
beam end rotational deformation (My lp/Ec Ieff) within a discrete zone at the beam end 
(Figure 2.25 and Figure 2.26). The moment-rotation response is characterised by the 
secant rotation stiffness at the first yield of the longitudinal reinforcement. 
 ߠݕ  =  ܯݕܧܿ   ݁ܫ ݂݂   ݈݌  +   ݂ݕܧݏ   ݀  ݈݁  (2.18) 
 ܵݕ  =  ܯݕߠݕ   (2.19)  
 ݁ܫ ݂݂  =   ൬ܯܿݎܯ ൰3 ܫܫ  +  ቈ1 െ  ൬ܯܿݎܯ ൰3቉   ܫܫܫ  (2.20) 
In which, 
Es: modulus of elasticity of steel 
Ec: modulus of elasticity of concrete 
Ieff: eIIHFWLYHFRQFUHWH¶Vsecond moment of area considering crack formation 
II: second moment of area of uncracked section 
III: second moment of area of cracked section 
lp: plastic hinge length, as it was called by Ferriera (2001) at that time, where there is a 
concentration of cracks of the connection region, which is associated with the height of the 
beam section 
le: available anchorage length within the column 
M: bending moment 
My: yield moment 
Mcr: cracking moment 
Sy   : secant rotational stiffness at yielding of reinforcement 
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Figure 2.25 Connection zone concept (Ferreira, 2001) 
 
Figure 2.26 Spring model for beam-column rotation due to joint opening at 
column face (Ferreira, 2001) 
2.9 Summary and conclusion 
To sum up the literature review presented in this chapter, and to set the required 
base lines to design the experimental tests in the current study, the points below could 
be summarised. 
1- Regarding discontinuous beam-column connection with continuity bars 
extended from the bottom column to the top column through grouted sleeves, 
and beam continuity reinforcement embedded in a trough in the beam, no 
investigation has been found within the available sources. Therefore, there is 
scope for investigating this connection type. 
2- Regarding the joint infill, below points will be considered in the design of the 
full-scale tests; however, they will be examined in current research through 
small-scale tests (Chapter 3). 
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i) Avoiding the use of soft infill materials as they introduce complicated 
load-rotation behaviour at large deflections 
ii) Using a rigid infill (like cement-based grout) of compressive strength of 
not less the compressive strength of the precast concrete members 
(Saleh, 2006; fib, 2008)  
iii) Using a joint infill of thickness equal to 1/15 of the minimum thickness 
of the adjoining members to ensure that any possible variation in the 
grout infill strength in the full-scale tests will have no effect on the 
bearing capacity of the system   
3- Column to column joints made by means of grouted steel bars could achieve a 
load capacity, and introduce an axial load-bending moment interaction diagram 
the same as a monolithic column. To achieve this, in the current research, the 
following points will be taken in consideration in the construction of the full-
scale beam-column specimens. 
i) A grout mix of 1:1 sand/cement with shrinkage reducing admixture will 
be used in this study; the water/cement ratio will be determined upon 
the required fluidity and strength through trial mixes (Appendix D)   
ii) Using galvanized steel sleeves (ducts) instead of plastic ducts  
iii) Providing a minimum concrete cover for the sleeves of not less than the 
sleeve diameter  
iv) The sleeves should be 0.6 mm as a minmum thickness  
v) Using sleeves with a diameter that is at least 30 mm greater than the 
projecting bars  
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vi) The minimum grout strength should not be less than 34.5 MPa and 
close to the joined member strengths  
vii) The used grout should be non-shrink  
viii) Confinement steel needs to be used around the sleeves  
ix) Taking consideration to place the connectors at the sleeve centre  
4- Behaviour models: In this chapter, the bond behaviour mechanism between 
steel bars and concrete/grout and the dowel behaviour mechanism of the 
column main bars that pass through sleeves in the beam have been presented 
based on CEB-FIP Model Code 1990 (1993). These models will be used as 
bases for the theoretical modelling in the current research. 
5- Semi-rigid behaviour: It was shown in this chapter that, apart from the 
Brazilian code of practice NBR 9062 (2005), the available concrete codes (EC2 
(CEN, 2004b); ACI Code (2008)) do not cater for semi-rigid analysis in precast 
concrete structures. However, there is recognition of this kind of behaviour in 
the steel design codes such as AISC (2005) and EC3 (CEN, 2005b). In the 
current research, the classification system proposed by EC3 will be used as the 
base for a classification system for the new precast concrete beam-column 
connections.  
6- Theoretical modelling: a lack of modelling tools for connections with 
continuity beam top bars crossing the connection was observed. In the current 
research, FeUUHLUD¶VPRGHO (2001) will be extended and calibrated against the 
experimental results obtained from this study. 
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3.1 Introduction 
One of the key components in the precast concrete beam-column connection 
investigated in the current study is the joint infill, which exists in two forms: horizontal 
and vertical (Figure 3.1). The horizontal joints are filled using solid infill (concrete or 
grouts) or soft infill (Neoprene), while the vertical joint is either left as a gap (see Figure 
1.1) or filled with solid infill (concrete or grout) or soft infill (Polystyrene sheet). The 
geometric shape and surface characteristics of the joints and physical properties of the 
used infill material are the major factors in the load transfer mechanism. 
In Chapter 2, it has been shown that using soft infill introduced a complicated 
load-rotation curve as a result of the thrust between beams at large deflections (Comair 
and Dardare (1992); de Chefdbien and Dardare (1994)); therefore, this alternative was 
not considered as a potential infill option to be used in the beam-column type 
investigated in this study.  
 
Figure 3.1 Stress distribution around beam-column joint under gravity loads 
CHAPTER 3 
BIAXIAL LOADING TEST RESULTS AND DISCUSSION 
CHAPTER 3   
 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 3-2 
 
 
In this chapter, the experimental programme and the results of small-scale beam-
column connection specimens tested under biaxial loading are presented. This 
preliminary investigation is essential for the design of the full-scale tests to set the status 
and thickness of the joints. To serve in this direction, the following variables were 
tested. 
i) The status of the horizontal joints; direct contact or 10 mm cement-based grout. 
ii) The status of the vertical joint; 10 mm gap or 10 mm cement-based grout. 
iii) Beam axial load to column axial load ratio; 0%, 20%, 50%, 75%.  
The used 10 mm joint thickness was based on the literature review; it was 
reported that a joint of a thickness less than 1/15 of the minimum dimension and of 
strength grade not less than 50% of the adjoining members does not decrease the 
ultimate bearing capacity (Dragosavic, 1978). The intention from this thickness was to 
investigate the validity of this suggestion in beam-column configuration, keeping in 
mind that Dragosavic¶V statement was based on tests of joints in axially loaded 
members.  
The concrete in the beam-column connection is under a biaxial state of stress 
(Figure 3.1); under gravity loads, the vertical stress in the column is mainly 
compression, while the horizontal stresses in the beams vary along the depth due to 
hogging moment. From Figure 3.1, it is clear that the beam part within the connection is 
subjected to three types of stress states. At zone A, there is a biaxial compression-
tension state, while at zone C there is a biaxial compression-compression state. At the 
line between zones A and B, the concrete is only subjected to a uniaxial vertical 
compression stress. As the joint infill is only active under compression stress, the main 
focus in this research part was towards zone A (biaxial compressive stress status). This 
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is because, in order to resist tensile stresses across the connection, steel ties are required. 
However, in spite of that, two tests were conducted to show the connection response 
under direct tensile force applied to the beam.  
3.2 Test Programme  
3.2.1 Description of test series  
The experimental programme consisted of seven series: CC1 to CC5 tested under 
biaxial compression loading, CT tested under biaxial compression-tension loading, and C 
tested for a uniaxial compression load. The geometry, loading, and main variables in the 
series are shown in Table 3.1 and Figure 3.2. Figure 3.3 shows the test rig for series CC1 
to CC5, while Figure 3.4 shows the test rig for series CT. The aims of the tests were as 
below. 
i) Series CC1, CC2 and CC3: to investigate the effects of three different statuses 
for the joints on the ultimate bearing capacity under different load ratios. Also, 
series CC1 and CC2 were compared to investigate the effects of the vertical 
joint status on the strain distribution in the column and beam. 
ii) Series CC4 and CC5: to investigate the effects of the horizontal joint status on 
the stress distribution in the column under different load ratios.  
iii) Series CT: to examine the weak point in a plain discontinuous precast concrete 
beam-column connection for transferring beam tensile forces. 
It should be mentioned that, in each of series CC4 and CC5, three tests were 
conducted using only one specimen. It was important to examine the effects of the load 
ratio on the stress distribution while keeping the same contact status for the grout with 
the column and beam. For each series (CC4 and CC5), in the first loading ratio (20%), the 
loads were applied up to 50% of the predicted ultimate bearing capacity, followed by 
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unloading. Then, the same specimen was used for the other two loading ratios (50% and 
75%) up to the same loading level.  
Table 3.1 Details of biaxial loading test specimens 
Series Test No. Loading ratio (P1/P2) * Vertical joint status 
Horizontal joint  
status 
C C1 ------- ------- ------- 
CC1 
CC10  1 / 0.00 Gap Direct contact 
CC1a 1 / 0.20 Gap Direct contact 
CC1aa 1 / 0.35 Gap Direct contact 
CC2 
CC20 1 / 00.0 Grout Direct contact 
CC2a 1 / 0.20 Grout Direct contact 
CC2b 1 / 0.50 Grout Direct contact 
CC3c 1 / 0.75 Grout Direct contact 
CC3 
CC3a 1 / 0.20 Grout Grout 
CC3b 1 / 0.50 Grout Grout 
CC3c 1 / 0.75 Grout Grout 
CC4# 
CC4a 1 / 0.20 Grout Direct contact 
CC4b 1 / 0.50 Grout Direct contact 
CC4c 1 / 0.75 Grout Direct contact 
CC5# 
CC5a 1 / 0.20 Grout Grout 
CC5b 1 / 0.50 Grout Grout 
CC5c 1 / 0.75 Grout Grout 
CT CT1   -1 / + 0.15 Gap Direct contact 
Notes * [P1: column vertical load, P2: beam horizontal load]  
 
# Three tests were performed using one specimen for the three column load/beam 
load ratios. 
 
The applied loads in series CC1 to CC5 were compressive loads, while in series CT, 
the +ve sign refers to tensile loads and the ±ve sign refers to compressive loads. 
CHAPTER 3   
 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 3-5 
 
 
 
Figure 3.2 Geometry and configuration of series tested (C, CC1 to CC5 and CT) 
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Figure 3.3 Test rig for series CC1 to CC5 
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Figure 3.4 Test rig for series CT 
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3.2.2 Strain measurement  
The strain distribution around joint interfaces is mainly affected by the joint 
conditions (status) within the connections. The vertical joint between the beam-ends 
could be filled with grout or left as a gap, while the two horizontal joints between the 
column and the beam could be filled with grout or be in direct contact status. Figure 3.5 
shows the ideal load path under biaxial compressive-compressive loading for series CC1 
and CC2 assuming that all the adjoining members at region A are in full contact without 
any possibilities for movement. In practice, this situation is difficult to guarantee, 
especially in the case where there is no horizontal joint infill. The condition might lead 
to a strain distribution differing from the proposed one. In this respect, to investigate the 
strain distribution, it was essential to provide strain gauges within adjoining members¶ 
minimum dimensions (D Zone). 
This principle was applied in series CC4 and CC5 as shown in Figure 3.6, where 
10 strain gauges were provided in the top column within 172.5 mm distance (1.15 h; h: 
member depth) from the joint interface. The intention was to investigate the effect of the 
horizontal joint infill on the stress distribution in the column. From the results, it 
appeared that these effects could be captured within the first row of strain gauges; 
therefore, fewer strain gauges were provided in series CC1 to CC3 to examine the effects 
of the vertical infill on the stress distribution in the column and beam. 
Electrical resistance strain gauges of 30 mm length (triple the size of the 
maximum coarse aggregate) of PFL-30-11 type were used. A multi-channel computer-
operated data acquisition system was used to record the data. 
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Figure 3.5 Load path through the joint  
CHAPTER 3   
 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 3-10 
 
 
3.2.3 Material properties  
Cement of type CEM II/A-L 32.5 R and river sand were used in the concrete and 
cement-based grout, while 10 mm crushed stone was used as a coarse aggregate in the 
concrete. The sieve analysis for the sand is shown in Appendix E. The concrete and 
grout mixes and properties are summarised in Table 3.2. The concrete was moist cured 
for seven days and then preserved in air until the day of the test, while the grout was 
only cured in the laboratory temperature.  
As can been seen in Table 3.2, the mix proportion for series CC3 was changed 
due to running out of the used original cement. Although the new used cement was of 
 
Figure 3.6 Strain gauge layout in series CC1 to CC5  
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the same type as the original type, it had a higher compressive strength. Therefore, the 
mix proportion was changed to obtain the same strength. However, the mix proportion 
for the grout was kept the same as for the original mix, but it was tested at two days age 
rather than four days age as shown in Table 3.2. 
For each concrete mix, four 100 mm control cubes were taken and cured in 
conditions the same as the tested specimens. Two cubes were tested at seven day age, 
and the other two were tested on the day of testing the corresponding specimen. For the 
grout, two 100 mm control cubes were taken and were tested on the day of testing the 
corresponding specimen.  
Table 3.2 Mix proportions for biaxial loading tests  
Series Mix 
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C 
CC1,CC2, 
CC4, CC5, 
CT 
Concrete 35 12 360 1015 800 215 900 
Grout 35 4 535 1515 ---- 210 2000 
CC3 
Concrete 35 8 335 1015 800 191 900 
Grout 40 2 535 1515 ----- 210 2000 
3.3 Test results and discussion 
The results of the specimens tested within the seven series are presented in Table 
3.3, including the actual compressive strength of the concrete and grout, applied load 
ratio, joint status, ultimate stress and the mode of failure. The repeated tests are labelled 
with an asterisk. The result of series C is the average of seven tests with standard 
deviation of 1.13 N/mm2 for the tested specimen, and 1.9 N/mm2 for the control cube 
strength. For the other series, the standard deviation for the concrete strength was 1.64 
N/mm2 (excluding series CT), and for the grout it was 3 N/mm2.   
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Table 3.3 Biaxial loading test results 
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1 C C1  35.3 ------ ------ ------ ------ 599.4 26.6 74.4 % Crushing 
2 
CC
1 
CC1-0 33.5 -1 / 0.00 Gap D.C ------ 450.2 20.0 59.7 % Cracking 
3 CC1-0* 35.5 -1 / 0.00 Gap D.C ------ 428.8 19.0 53.7 % Cracking 
4 CC1-a 35.0 -1 / -0.20 Gap D.C ------ 455.7 20.3 57.9 % Crushing 
5 CC1-a* 37.0 -1 / -0.20 Gap D.C ------ 452.2 20.1 54.3 % Crushing 
6 CC1-aa 34.2 -1 / -0.35 Gap D.C ------ 469.2 20.9 61.0 % Crushing 
7 
CC
2 
CC2-0 33.7 -1 / 0.00 Grout D.C 32.0 505.3 22.5 66.6 % Cracking  
8 CC2-a 37.7 -1 / 0.20 Grout D.C 20.8 518.7 23.0 61.1 % Crushing 
9 CC2-a* 32.5 -1 / 0.20 Grout D.C 36.8 532.3 23.7 72.8 % Crushing 
10 CC2b 34.2 -1 / -0.50 Grout D.C 34.5 549.4 24.4 71.4 % Crushing 
11 CC2-c 36.2 -1 / -0.75 Grout D.C 36.3 581.2 25.8 71.4 % Crushing 
12 
CC
3 
CC3-a 38.0 -1 / -0.20 Grout Grout 45.2 609.9 27.1 71.3 % Crushing 
13 CC3-b 38.0 -1 / -0.50 Grout Grout 40.0 569.1 25.3 66.6 % Crushing 
14 CC3-b* 34.7 -1 / -0.50 Grout Grout 33.0 603.2 26.8 77.3% Crushing 
15 CC3-c 38.7 -1 / -0.75 Grout Grout 43.0 659.0 29.3 75.7 % Crushing 
16 
CC
4 
CC4-a 38.2 -1/ -0.20 Grout D.C The load was applied up to 50% of the ultimate load 
17 CC4-b 38.2 -1/ -0.50 Grout D.C The load was applied up to 50% of the ultimate load 
18 CC4-c 38.2 -1/ -0.75 Grout D.C The load was applied up to 50% of the ultimate load 
19 
CC
5 
CC5-a 39.3 -1/ -0.20 Grout Grout The load was applied up to 50% of the ultimate load 
20 CC5-b 39.3 -1/ -0.50 Grout Grout The load was applied up to 50% of the ultimate load 
21 CC5-c 39.3 -1/ -0.75 Grout Grout The load was applied up to 50% of the ultimate load 
22 
CT
  CT1 31.0 -1/ +0.15 Gap D.C ------ 100.0 4.4 14.3 % Cracking  
23 CT1* 31.0 -1/ +0.15 Gap D.C ------ 120.0 5.3 17.2% Cracking 
* Repeated tests. D.C : Direct Contact 
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3.3.1 Biaxial compression-compression  
3.3.1.1 Ultimate strength and failure modes   
In series CC1, it was not possible to apply beam loads greater than 35% of the 
column load owing to sliding of the beams at higher load ratios as a result of the 
existence of the vertical gap between the beams. In series CC2 to CC5, beam loads up to 
75% of the column loads were applied after providing the vertical infill. Figure 3.7 
shows the ultimate bearing capacity versus the beam load/column load ratio for 
specimens of series CC1 to CC3. From this graph, it could be noticed that:  
i) there is a clear boost in the column ultimate bearing strength by providing grout 
for the vertical infill; 
ii) there is no significant effect for the horizontal joint infill on the column ultimate 
bearing strength; 
iii) there is a slight tendency to increase the column ultimate bearing strength by 
increasing the axial beam load, which works as a confinement for the column; 
however, due to the scattering of the data, no decisive conclusion could be made. 
 
Figure 3.7 Ultimate strength to horizontal/vertical load ratio relation for series CC1 to CC3 
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In test series CC3, where grout infills are provided at all three joints, the achieved 
load bearing capacity ranged between 89% and 103% of that obtained in the single 
block test (C1) without a decisive conclusion for the beam axial load effect. This might 
suggest that the connection with grouts at all the three joints could be used in the 
proposed full-scale tests, and the above-mentioned load capacities could be achieved 
without the need to provide steel plates or horizontal steel nets at the column-ends. The 
use of steel plates at the joint was recommended by Minnert (1997) and Saleh (2000) to 
develop a full bearing capacity for the joint. The benefits behind the use of these steel 
plates in 0LQQHUW¶VWHVWwere: (i) increasing the load bearing capacity from 90% to 100% 
of the calculated bearing capacity, and (ii) transferring the stresses in the steel bars 
which were welded to the steel plates more effectively. In the current test, the steel bars 
are crossing the joints to be received by sleeves; therefore, there is already an adequate 
stress transfer in the column bars. According to the design requirement for the prototype 
frame (Appendix A), the applied column load (500 kN) in the full scale tests produces a 
stress in the column equal to only 9 % of the ultimate VWUHQJWK RI FRQFUHWH µfcu¶. The 
ratio is well below the minimum load bearing capacity of 89%, as a ratio of the single 
block specimen C1, and 66%, as a ratio of fcu. 
As mentioned in the literature review, there is far less agreement regarding the 
effects of using the horizontal infill (bedding) on the ultimate bearing capacity. Barboza 
et al (2006) found that it increases the strength up to a limited thickness; however, Saleh 
(2000) and Gorgun (1997) mentioned that it decreases the strength. Theoretically, the 
second point of view is correct if a perfect contact condition is ensured between the 
adjoining elements without using a joint infill. However, due to practical reasons, it is 
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not possible to ensure this perfect contact; therefore, the first point of view might be 
acceptable.  
To justify this argument, the results of the current research have shown that use 
of horizontal cement grout of a thickness equal to 1/15 of the adjoining members¶ 
minimum dimension and strength equal to the concrete strength of the precast concrete 
members did not decrease the strength. In addition, it enhanced the ultimate strength 
due to the improvement in the strain distribution by reducing local contact regions 
between the beam and column 
With respect to the failure modes experienced in series C1, CC1, CC2 and CC3 
(Figure 3.8), the failure mode was crushing in the top column in specimens with beam 
loads. Though, the failure mode was splitting cracking in the column in the other cases, 
where no beam loads were applied, due to the absence of confinement forces.  
3.3.1.2 Effects of vertical joint status on strain distribution  
To investigate the effect of the vertical joint status on the strain distribution, 
specimens of series CC1 and CC2 are compared. Figure 3.9 shows the effect on the axial 
strain distribution in the column, while Figure 3.10 shows the effect on the axial strain 
distribution in the beam, for specimens with 20% beam to column load ratio (specimens 
CC1-a*, CC2-a*). As can be seen, providing the vertical grout improved the consistency 
of the strain distribution towards being more uniform. A similar behaviour was 
observed in the other beam/column load ratios (0%, 50% and 75%) by comparing the 
corresponding specimens in series CC1 and CC2. 
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Figure 3.9a shows the inconsistency in the strain distribution that is pronounced 
through the strain readings at locations B, C and D after a VWUHVV OHYHORI ıIcu), 
where there was a change in the stress development direction.  
3.3.1.3 Effects of horizontal joint status on strain distribution  
For the effect of using the grout in the horizontal joint on the strain distribution 
in the column, specimens of series CC4 and CC5 are compared. Figure 3.11shows the 
effect in specimens with 50% beam to column load ratio (specimens CC4-b and CC5-b). 
As shown, providing the horizontal grouts helped in producing a consistency in strain 
distribution in specimen CC5-b. A similar behaviour was observed under the other 
beam/column loading ratios of 20% and 75%.  
To justify the use of one sample for three tests in each of series CC4 and CC5, 
positioning of the top column was investigated in series CC4 (direct contact between the 
column and beam). In each specimen of series CC4, an additional test was carried out 
using a different position for the top column. The new position was made by rotating 
the top column 180º with respect to its original position. It was noticed that there was a 
significant difference in the strain distribution as a result of having different local 
contact statuses. This led to the conclusion that it is difficult to assure a perfect contact 
condition between the column and beam without using a horizontal grout infill. 
Apparently, in spite of the fact that using the horizontal grout did affect the ultimate 
strength significantly, its effect in producing a uniform strain distribution was very 
clear.  
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Figure 3.8 Failure modes of series C1, CC1 to CC3 
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a) Specimen CC1-a* (no vertical joint infill) 
 
b) Specimen CC2-a* (with vertical joint infill) 
Figure 3.9 Effect of vertical joint status on column axial strain distribution  
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a) Specimen CC1-a* (no vertical joint infill) 
 
b) Specimen CC2-a* (with vertical joint infill) 
Figure 3.10 Effect of vertical joint status on beam axial strain distribution 
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a) Specimen CC4-b (beam-column direct) 
 
b) Specimen CC5-b (with horizontal joint infill) 
Figure 3.11 Effect of horizontal joint status on column axial strain distribution 
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3.3.2 Biaxial compression-tension 
Series CT consisted of two specimens without any joint infill material (CT1 and 
CT1*) with a beam axial tensile load to column axial compressive load ratio of +0.15/-
1.0. The aim was examining the weak point in the system of plain concrete beam and 
column in transferring beam tensile forces. In specimen CT1, at 100 kN compressive 
column load (14% of fcu) and 15 kN tensile beam load (25% of fctm), longitudinal cracks 
initiated at the middle of the column. The test was repeated by examining specimen 
CT1*; the same failure mechanism happened at 120 kN column load (17% of fcu) and 
18 kN tensile beam load (30% of fctm). The reason behind this basic behaviour is related 
to a high intensity of splitting tensile stresses at the middle part of the column adjacent 
to the gap.  
Based on these two results, it could be stated that plain concrete columns are not 
able to transfer beam tensile forces as it was expected. This emphasised the need for 
extending the beam bars across the vertical joint to transfer the beam tensile force in a 
direct way; in addition, column links with small spacings have to be provided near the 
connection to prevent the occurrence of splitting cracks in the column.  
 
 
Figure 3.12 Failure modes in series CT 
CT1 
CT1* 
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3.4 Summary and conclusion  
Upon completion of the preliminary tests on the discontinuous concrete blocks 
simulating precast concrete beam-column connections under biaxial loads, the 
following conclusions could be drawn. 
1- The connection was able to transmit axial loads and present strength not less 
than 89% of the uniaxial compressive strength of the single block specimen, 
and not less than 66% of fcu. This was achieved by using cement grouts at all 
joints with a thickness of 1/15 of the DGMRLQLQJ PHPEHUV¶ minimum 
dimension and strength close to the strength of adjoining members. 
2- The vertical gap in the connection should be filled with a structural infill to 
prevent sliding of the beam. 
3- The vertical grout infill provided a sufficient stratum to transfer the loads 
and achieve a uniform strain distribution in both the column and beam. 
4- The existence of the vertical grout infill increased the ultimate bearing 
capacity of the column. 
5- Providing of cement-based grout at the horizontal joints had no significant 
effects on the ultimate strength. However, it had a marked effect in achieving 
a uniform strain distribution in the column. 
6- The connection is required to be designed to transfer beam tensile forces 
through steel ties crossing the connection with sufficient column links near 
the connection. 
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4.1 Introduction 
This chapter introduces the experimental work setup used for testing full-scale 
precast concrete beam-column connections subjected to individual gravity (three tests) 
and sway loads (two tests). The main variable in the test programme was the connection 
reinforcement detail in order to identify the most effective detail under both gravity and 
sway loads. The results from the small-scale bearing tests were used to specify the 
interface joint status and thickness. The thickness was chosen to be 1/15 of the least 
dimension of the adjoining members, and target strength not less than the strength of the 
adjoining members based on the results presented in Chapter 3. In this chapter, the test 
specimens, test rig, and instrumentation, and the studied parameters are presented, while 
the results and discussion are presented in Chapters 5 and 6. Also, an error analysis is 
performed to quantify the potential errors in the results reported in the current study.  
4.2 Design of experiments  
The experiments were designed to test a representative sample that characterise 
the connection behaviour of an internal beam-column intersection in a prototype 
building consisting of three spans and four storeys (Appendix A). The number of 
storeys normally affects the moments generated under sway loads, but without a 
significant effect on the moments generated under gravity loads. The selected number of 
storeys was based on counterbalancing the beam-end sagging moment due to wind 
loads by the hogging moment due to permanent dead and live loads.  
 The member dimensions, reinforcement, and the column loading (500 kN) used 
in the specimens are based on a rigid frame analysis and design for the prototype 
building. The research interested in studying the effects of the proposed modifications 
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in the conventional connection configuration (see Figure 1.1), which included the 
following. 
i) Providing the continuity bars at the beam-top within the beam itself to be 
active to work under dead loads. 
ii) Grouting the vertical joint between the beams. 
iii) The effects of using three reinforcement details for the connection in reducing 
the crack width and forcing the final failure to occur outside the connection 
zone. Connection reinforcement type T1 is considered as the reference 
modification, while the other two types T2 and T3 were compared to it. 
The full-scale experimental programme intended to examine if the above 
modifications (independent variables) make a difference in the behaviour.  
4.3 Details of test specimens 
4.3.1 Geometry and reinforcement details 
The experimental programme consisted of five full-scale beam-column 
connection specimens, representing an internal connection in a lower floor of a three-
bay four-storey building. As shown in Table 4.1 and Figure 4.1, the test specimens were 
divided into two series: (i) GR, consisted of three specimens subjected to gravity 
loading (Figure 4.1a), and (ii) SW,  consisted of two specimens subjected to sway 
loading (Figure 4.1b).  
The beams and the columns were cast at the SCC Company in Manchester, and 
DVVHPEOHGDW WKH8QLYHUVLW\¶VODERUDWRU\WRIRUPVXE-frame specimens. In all tests, the 
beam had a rectangular cross section with a width of 300 mm and a total depth of 400 
mm, whereas the columns had a 300 mm square section. The longitudinal reinforcement 
of the beams included 2H20 mm diameter deformed bars as the bottom reinforcement, 
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while the top reinforcement was variable. The longitudinal reinforcement of the 
columns consisted of 4H20 mm diameter deformed bars. In all tests, over the lengths of 
the beams and columns, transverse reinforcement of 10 mm diameter deformed bars 
was used at spacing as shown in Figure 4.3 to Figure 4.5. 
Table 4.1 Description of the full-scale beam-column connection tests 
Series Loading type Test reference 
(specimen) 
Sub-frame 
detail figures 
Connection 
reinforcement 
type 
Testing 
situation 
GR Gravity 
GR1 Figure 4.1a T1 Horizontal 
GR2* Figure 4.1a T2 Vertical 
GR3 Figure 4.1a T3 Horizontal 
SW Sway 
SW1 Figure 4.1b T1 Horizontal 
SW2 Figure 4.1b T3 Horizontal 
* Test GR2 is a joint test designed by the researcher, tested by the researcher and Chang, and it has been 
already published in a Master dissertation (Chang, 2009). 
The continuity of the column main bars was provided through corrugated steel 
sleeves in the beam and in the top column, wherein the continuity of the beam-top bars 
was provided through a grouted trough in the middle-top of the beam. The precast beam 
and column were connected using cement-based grout in the sleeves and the trough. To 
ensure a surface free from laitance at the construction joints, a layer of concrete retarder 
was applied to the formwork at required locations. The retarder was brushed off after 
concrete hardening and dismantling of the formwork (Figure 4.2a and Figure 4.2b).  
As the main variable in the test, three types of connection reinforcement details 
were used: T1, T2, and T3, as illustrated in Figure 4.3 and Figure 4.4. The improvement 
in the connection reinforcement details was towards decreasing the crack widths at the 
connection zones prior to failure by using type T2, and ultimately forcing the final 
damage to occur outside the connection zone by using type T3. 
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The connection reinforcement of type T1 is the reference type, while type T2 
was obtained by using additional U-shaped horizontal links at the beam-ends, bending 
the beam-bottom bars around the column bars, and using of steel links with closer 
spacing at the column-ends next to the connection side , as shown in Figure 4.4a. For 
type T3, besides what were provided in type T2, three further links were added at the 
column ends close to the connection with additional 2H20 mm beam-top steel bars of 
1100 mm length that crossed the connection. The justification for the use of the 
connection reinforcement of types T2 and T3 will be apparent within the presentations 
of the results in Chapters 5 and 6.  
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Figure 4.1 Full-scale test geometry 
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Figure 4.2 Specimen components 
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Figure 4.3 Details of specimens GR1 and SW1 (connection reinforcement type T1) 
CHAPTER 4  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 4-8 
 
 
Figure 4.3 (Cont.) Details of specimen GR1 and SW1 (connection reinforcement of type T1) 
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Figure 4.4 Modifications T2 and T3 in the connection reinforcement detail 
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Figure 4.4 (Cont.) Modifications T2 and T3 in the connection reinforcement detail 
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4.3.2 Instrumentation 
The full list and layout of the instrumentation used in the full-scale tests (series 
GR and SW) are presented in Appendix C. The functions of the measurements are 
presented in Table 4.2 and Figures 4.6 and 4.7. 
Table 4.2 Instrumentation functions 
Sensor function 
Location 
Note Series GR  Series SW 
Load cells 
Applied column axial load P1 P1  
Applied column lateral load -------- P2*  
Applied beam load P2,P3 --------  
Beam-end reaction  -------- R1*,R2*  
Bottom column reaction -------- R3*  
Potentiometers 
Beam deflection d1,d2 --------  
Beam mid-height sway -------- d1*  
Column sway -------- d2*  
Beam-column rotation (M1) d3,d4 d3,d4,d5,d6 Rot M1 = measurement / L2 
Beam-column rotation (M2) d5,d6,d7,d8 -------- Rot M2 = (d5+d6)/L1  
                 (d7+d8)/L1 
Strain gauges 
Top axial column - strain  S1,S2,S3 S1,S2,S3 Investigate the strain 
concentration in the 
column Bottom axial column - strain  
S4,S5,S6 S4,S5,S6 
Top beam steel bar - strain S7,S8,S9,S10,S11 S7,S8,S9,S10,S11  Investigate the strain distribution in the bars 
Beam- compressive strain S12,S13,S14,S15 -------- Investigate the strain 
concentration in the beam 
Column dowel bar - strain -------- S12,S13 Investigate the strain 
concentration in the bar 
Additional column link - strain -------- S14,S15 Investigate the strain state in the links 
* The direction of measurement in Figure 4.7 is related to the 1st half-cycle loading (Figure 4.1b(1)); 
for the half-loading cycle ((Figure 4.1b(2)), the measurements were taken at the opposite direction  
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Figure 4.6 Instrumentation layout for specimens of series GR 
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Figure 4.7 Instrumentation layout for specimens of series SW 
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4.3.3 Loading procedure 
To simulate the upper storey loading in the prototype frame (Appendix A), a 
compressive force of 500 kN, representing 5.6 N/mm2 compressive stress in the column, 
was first applied to the column and kept constant during the subsequent load stages in 
all tests. The column load was applied manually using a hydraulic pump connected to a 
load jack within a self-equilibrating system (all specimens except GR2) or within a 
reaction frame in the case of specimen GR2 (Appendix B). 
In series 1 (GR), the hogging moment was applied to the connection through 
eccentric beam loads both acting at 1,450 mm (specimens GR1 and GR3) and 
1,221 mm (GR2) from the face of the column, i.e. 4.14 and 3.45 times the beam 
effective depth µG¶, respectively. In order to study the effect of repeated loading on the 
recovery of the strain, in specimen GR2, 30% (in average) of the applied beam load was 
unloaded and reloaded again in four cycles. This cyclic loading procedure was 
conducted when the beam load was at 25%, 50%, 75% and 100% of the expected yield 
moment. Loading and unloading increments were 5 kN and 10 kN, respectively. The 
applied beam loads induced reactions at the end of the bottom column catered for a 
pinned jointed restraint. 
In series 2 (SW), a sway load was applied manually using a hydraulic pump 
connected to a load jack at the far end of the top column in approximately 5 kN 
intervals with unloading at about 10 kN increments. This load induced reactions at the 
far beam-ends, and a reaction at the far lower column-end as shown in Figure 4.1b. By 
reversing the direction of the applied lateral load to the column, the effects of repeated 
wind loading were simulated. The column sway load was applied in two directions (left 
and right) through different load cycles (Figure 4.8); each cycle represents loading and 
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unloading in one direction up to the first cracking moment in the case of specimen SW1 
and up to 50% of the yield moment capacity in the case of specimen SW2. The cyclic 
loading stage followed by applying monotonic sway load to failure to the left direction.  
 
Figure 4.8 Loading procedures in series SW 
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4.4 Material 
4.4.1 Concrete 
The beam and column concrete were cast at the SCC Company in Manchester 
using ready-mix concrete, which was used throughout the whole investigation. The 
concrete contained CEM I cement with a mix proportion of 1:2.25:3.1 ((cement: sand: 
gravel) based on dry weights) with 20 mm maximum aggregate size. The mix contained 
45% water, and 1.8% super-plasticizer agent as weight ratio to the cement. The cast 
concrete was only cured in the laboratory air until the day of testing. The actual concrete 
properties for the test series are summarised in Table 4.3, and the calculated properties 
are listed in Table 4.4.  
Table 4.3 Experimental strength characteristics of concrete 
Specimen and location 
Age (days) 
at day of 
testing 
Cube compressive strength, fcu (N/mm2) 
28 days Test day 
1 2 Ave. 1 2 3 Ave. 
GR1 Beams + Columns 121 ---- ----- ----- 62.0 64.0 64.0 63.3 
GR2 Beams + Columns 67 72.0 72.5 72.3 75.5 76.5 ----- 76.0 
GR3 
Beams 118 77.7 ----- 77.7 81.0 84.5 ----- 82.8 
Columns 113 63.5 68.0 65.8 67.0 74.0 ----- 70.5 
SW1 Beams + Columns 54, 55 ---- ----- ----- 68.5 68.5 67.5 68.2 
SW2 
Beams 152, 153 73.5 68.0 70.8 79.5 80.0 ----- 79.8 
Columns 148, 149 68.0 63.5 65.8 70.0 68.5 ----- 69.3 
 
Table 4.4 Calculated properties of concrete  
Specimen and location Cylinder compressive 
strength, fc (kN/mm2) 
Ec 
(kN/mm2) 
fct 
(N/mm2) 
fct,fl 
(N/mm2) 
GR1 Beams + Columns 52.4 36.2 3.9 4.7 
GR2 Beams + Columns 61.0 37.9 4.2 5.0 
GR3 
Beams 67.8 39.1 4.4 5.2 
Columns 57.2 37.1  4.0 4.9 
SW1 Beams + Columns 55.6 36.8  4.0 4.8 
SW2 
Beams 64.8 38.5  4.3 5.1 
Columns 56.4 37.0 4.0 4.8 
fc     : is the equivalent compressive cylinder strength (Table 3.1 in EC2 (CEN, 2004b)). 
Ec  : is the short-term value for modulus of elasticity of concrete = 22 (fc / 10 )0.3. 
fct    : is axial tensile strength of concrete = 2.12 ln (fc/10) for concrete grade  >  C50/60. 
fct,fl : is the flexural tensile strength = max {(1,6 - h/1000) fct;  fct }, where h is the total member depth. 
* All above equations are according to EC2 (CEN, 2004b), but with replacing fcm by fc, and fctm by 
fct, where fcm and fctm are the mean values  
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4.4.2 Grout 
The grout was cast at the XQLYHUVLW\¶V laboratory, and the mix proportion was 
chosen based on many trial mixes (details of which are shown in Appendix D) to ensure 
a strength close to the concrete strength and flow-ability enough to pass easily through 
the beam trough and the corrugated sleeves. 
The grout contained CEM II/B-V 32.5 N cement and river sand passing through 
2.8 mm sieve with a targeted grade of C60 (fcu) at the day of testing. A mix proportion 
of 1:1 ((cement : sand) based on dry weights) was used with 28% water, 1.7% super-
plasticizer agent, and 0.8% shrinkage reducing admixture as weight ratio to the cement. 
The sieve analysis of the sand is shown in Appendix E. The grout was only cured in the 
laboratory air until the day of testing. The actual material properties of the cement-based 
grouts are summarised in Table 4.5. For each grout mixture, 100x100x100 mm control 
cubes were taken and cured in similar conditions to the test series. Three cubes were 
tested at the same day of the series testing. The target strength of the mortar grout was 
C60 (fcu) at 12 days age.  
 
Table 4.5 Strength characteristics of grout 
Specimen 
Age 
(days) 
at day of 
testing 
Cube compressive strength, fcu (N/mm2) 
Test day 28 days 
1 2 3 Ave. 1 2 Ave. 
GR1 14 65.5 66.0 65.5 65.7 75.5 75.0 75.3 
GR2 12 53.0 54.5 58.0 55.2 ----- ----- ----- 
GR3 14 60.0 59.5 59.5 59.7 68.0 70.0 69.0 
SW1 13, 14 65.0 63.5 63.5 64.0 ----- ----- ----- 
SW2 13, 14 62.0 64.5 64.5 64.5 72.0 72.5 72.3 
 
CHAPTER 4  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 4-19 
 
4.4.3 Steel 
The main reinforcement of the column and beam consisted of deformed steel 
bars of 16 and 20 mm diameter, while the web reinforcement was 10 mm diameter 
deformed steel bars. In specimens with connection reinforcement details of type T3, 
additional column links of deformed steel bars of 8 mm diameter were used within the 
lower beam-column joint and top beam-column joints. The strength and modulus of 
elasticity of the reinforcing bars used in each test are listed in Table 4.6.  
Table 4.6 Strength characteristics of reinforcement 
Bar 
diameter Specimen 
Yield strength, fy (N/mm2) Modulus of elasticity, Es (kN/mm2) 
1 2 3 Ave. 1 2 3 Ave. 
8 mm All 520.3 534.8 513.3 522.8 191.8 194.1 197.7 194.5 
10 mm All 598.5 600.2 596.4 598.4 196.9 201.1 196.8 198.3 
16 mm All 549.3 552.8 550.1 550.7 189.6 189.4  192.6 190.5 
20 mm GR1, SW1 568.3 572.4 ------- 570.4 208.6 198.7 ------- 202.7 
20 mm GR2, GR3, SW2 531.3 533.2 ------- 532.3 204.9 196.1 ------- 200.5 
 
4.5 Error analysis  
It should be mentioned that, in spite of giving every attention to prevention of 
errors in the reported results, there is still a margin of error due to many aspects in the 
measurement process that caused WKH UHVXOWV WR GHYLDWH IURP WKH µWUXH¶ YDOXHV 7R
estimate the reliability of the experimental tests, the potential errors in the experimental 
measurements are presented, identified and quantified in the next sub-sections.  
4.5.1 Random errors 
Random errors are related to the natural limitation in the measurement 
instruments, VXFK DV WKH IOXFWXDWLRQ LQ WKH LQVWUXPHQW UHDGLQJV DQG WR WKH RSHUDWRU¶V
way of observing, recording and interpreting the readings (operator errors). This type of 
error cannot be identified but it is susceptible to mathematical treatments such as 
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averaging several measurements, and estimating errors using statistical means such as 
the standard deviation. A measurement is considered to be precise when the random 
errors are relatively small. 
In the current research, the readings of the measurements (loads, strains, and 
deflections) were recorded using a computer-operated data acquisition system, meaning 
that there were no operator errors. For the other source of random errors, the limit of 
error and the sensitivity in the measured inputs using potentiometers, load cells, and 
strain gauges are tabulated in Table 4.7. As shown, the errors are of small amounts and 
they have a negligible effect on the results in comparison to the systematic errors, as 
will be shown later. Therefore, it could be stated that the precision of the measurements 
is within an acceptable range.  
Table 4.7 Sensitivity and limit of error in the data acquisition system at 20 ± 3º C  
A - Potentiometers 
Measuring behaviour 
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Maximum measuring range 15 mm 20 mm 50 mm 100 mm 200 mm 
Maximum measuring Volts 2 2 2 2 2 
ȝVolt  equals to 7.5E-6 mm 10E-6 mm 25E-6 mm 50E-6 mm 100E-6 mm 
Sensitivity 10 ȝV 
Limit of error in the 
potentiometers ±0.005% + 1ȝV 
B - Load cells 
Measuring behaviour 
Column axial load Beam, column loads and reactions 
Maximum measuring range 1000 kN  250 kN 
Maximum measuring Volts 24 V 24 V 
ȝVolt  equals to 41.66E-6 kN 10.42 E-6 kN 
Sensitivity 100 ȝV 
Limit of error in the load cells ± 0.005% + 1ȝV 
C- Strain gauges Sensitivity = ȝİ Limit of error  ȝİ 
Sensitivity: is the smallest measurable input change that the instrument can detect 
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4.5.2 Systematic errors 
Systematic errors make the mean values of the results depart from the accurate 
value in one specific direction when repeating the tests; such errors cannot be removed 
by repeating measurements or averaging large numbers of results. The effects of the 
systematic errors need to be estimated in order to make the required corrections. A test 
is considered to be accurate when the systematic errors are relatively small. 
This type of error is produced due to a bias in the measurement process, such as  
using imperfect calibrated apparatuses, or in the physical configuration including the 
presence of physical effects that have not been taken into account. The possible 
systematic errors in the current research are identified, quantified and corrected if 
applicable in the next sub-sections. 
4.5.2.1 Physical effects 
In the experimental tests, there were deviations in the cross-section dimensions, 
PHPEHUV¶ DOLJQPHQW due to construction reasons, and in the strength grade of the 
concrete and steel due to taking the average of individual tests for each material (refer to 
Table 4.3 and  Table 4.6). The maximum deviations observed in the beam-column tests 
conducted under gravity tests (taking series GR as a case study) are listed below, with 
the effects of the deviation in b, h, d, fc, and fy being quantified in Section 4.5.2.3. 
x Alignment                                         < ± 0.1%  
x Mortar thickness                                < ± 2 mm  
x Beam breadth dimension, b                < ± 2 mm (± 0.67%)  
x Beam depth dimension, h                   < ± 2 mm (± 0.50%)  
x Beam effective depth dimension, d     < ± 4 mm (± 1.14%)  
x Concrete compressive strength, fc         < ± 2.05%  
x Main steel bar grade (H20), fy             < ± 0.37%  
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On the other hand, some other physical effects that have been identified and 
quantified, and the required corrections were carried out accordingly. These effects 
included the undesired test system displacement and the inclusion of the column axial 
deformation in the measured beam deflection in the tests under gravity loads. 
In addition to the above physical effects, the error in the results due the friction 
between the ground and the specimens (GR1, GR3, SW1 and SW2) was minimised to 
the lowest possible level. This was done by supporting the beam and column at their far 
ends on a relatively small area (300 x 100 mm) and using oiled hard wooden pieces to 
separate them from the support (see Figures B.2 and B.8 in Appendix B). These small 
contact areas had an effect only at the beginning of the tests (2-3 kN load that represents 
2-3% of the applied load) where no displacement was recorded at this loading stage. 
However, when the specimens started to move, a normal displacement occurred. By 
neglecting the zero reading at the 2-3 kN load, a linear displacement-load relation was 
established at this elastic loading stage.  
4.5.2.2 Calibration of instruments 
Imperfectly calibrated instruments have a significant effect on the reliability of 
the results; therefore, all the instruments were calibrated, including the load cells and 
potentiometers. In addition, the calibration of the strain gauges was provided by the 
manufacturer. However, there was an error in the readings of the potentiometers and 
load cells, which are still included in the results. The error had two fractions: (i) the 
fraction that occurred due to neglecting the constant term in the linear input-volt 
equation WHUPµD¶LQFigure 4.9); and (ii) the fraction that occurred due to the assumed 
linear input-volt relation.  
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In the current study, the maximum combined error due to both fractions  was  ± 
1.05% in  the  potentiometer  readings (deflections and rotations), and ± 2.18% in the 
load cells (moments). 
 
 
 
 
4.5.2.3 Total systematic errors 
Figure 4.10 shows the effects of an individual error amount of ± 2% in each of b, 
h, d, fc and fy on the moment capacity, strain and deflection of the beam in series GR. As 
shown, the beam moment capacity is mostly affected by d and fy, while b and fc have a 
very little effect; on the other hand, the beam strains and deflections are mostly affected 
by h, but b and fc still have a noticeable effect.  
For the beam-column connections tested under gravity loads (series GR), the 
maximum anticipated error in the presented results with respect to the strains, 
deflections and moment capacity are presented in Table 4.8. The effects of the 
deviations in the beam cross-section dimensions and in the material grades are 
calculated by substituting the deviations listed in Section 4.5.2.1 in Figure 4.10, while 
the effects of the errors in the instrumentation are taken directly from Section 4.5.2.2. 
Table 4.8 shows that there is a maximum potential margin of errors of ± 2.77%, 
± 3.82%, ± 3.78% within the reported strains, deflections and moment capacity, 
respectively. It should be emphasised that this amount of errors would happen only 
Figure 4.9 Typical  calibration curve   
Vt (volt) 
Input, I 
a 
 
Assumed relation` 
I = a + b Vt 
Real measurement 
b 
1 
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when all sources of errors have the same error sign (+ or -) and they are in their extreme 
level, which is unlikely to happen, as the errors may cancel each other when they have 
different signs of effects. However, the shown error percentages in Table 4.8 express the 
reliability of the results and to what extent the results could be trusted.   
 
a) Beam moment capacity 
 
b) Beam deflection and strain  
Figure 4.10 Effects of beam cross-section properties on the results of series GR 
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Table 4.8 Summary of potential systematic errors in the results of series GR  
Maximum error  Effect on the results  (%) 
Source Amount (%) Strain Deflection Moment 
capacity 
Calibration of potentiometers ± 1.05 ------ ± 1.05 ------ 
Calibration of load cells ± 2.18 ------ ------ ± 2.18 
Beam breadth, b ± 0.67 ± 0.67 ± 0.67 ± 0.02 
Beam depth, h ± 0.50 ± 1.49 ± 1.49 ------ 
Beam effective depth, d ± 1.14 ------ ------ ± 1.18 
Main steel bar grade, fy ± 0.37 ------ ------ ± 0.37 
Cylinder compressive concrete strength, fc ± 2.05  ± 0.61 ± 0.61 ± 0.03 
Total maximum error ± 2.77 ± 3.82 ± 3.78 
4.5.3 Significance of error in relative beam-column rotation 
The key measurement in the beam-column specimens is the relative beam-
column rotation µș¶that is used to characterise the flexibility of the connection through 
the rotational stiffness µ6y¶6y = M/ș. The error in ș is related directly to the error in 
the potentiometers used to calculate the deflection of the beam with respect to the 
column; the maximum anticipated error in these deflections is ± 3.82% as shown in 
Table 4.8, which will affect Sy by - 3.97% [100(1-(1/(1-0.0382))] to + 3.68% [100(1-
(1/(1+0.0382))]. However, in semi-rigid frame analyses, the change in Sy does not 
reflect exactly the amount of change in the moments generated in the beams. To clarify 
this feature, the prototype building frame considered in this study (Appendix A) was 
analysed under UDL gravity loads using Sy values varying from - 100% to + 100% as 
ratio to the experimental rotational stiffness value of Sy obtained from test GR1. 
 Figure 4.11 shows the effect of this variation (± 100%) on the hogging moment 
generated at the beam-end A in comparison to the situation where the experimental Sy 
of GR1 is used. To demonstrate the insignificance of errors within the experimental Sy 
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range, within a 40% error (± 20%), the effect on the hogging moment at location A is 
only 6.9%. This shows that the error in measuring rotations is not decisive for the beam-
column connection type investigated in the current study. For specimen GR1, with the 
potential error in the measured Sy (- 3.97% to + 3.68%), the effect on the beam-end 
moment generated at location A is only - 0.75% to + 0.55% based on Figure 4.11.  
 
Figure 4.11 Significance of error in beam-column rotational stiffness  
 
4.6 Summary 
In this chapter, the test programme of the full-scale beam-column connection 
tests were presented, including the details of the geometry, reinforcement, 
instrumentation, and material properties. In addition, the way of designing the 
specimens was given, with a reference to Appendix A for further information. 
Moreover, an error analysis has been performed to quantify the errors in the reported 
results taking series GR as the case study. 
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5.1 Introduction 
The results and discussion of the 1st part of the full-scale beam-column connection 
tests (series 1 ± GR) are presented in this chapter. The series consisted of three 
specimens subjected to gravity loads with the connection reinforcement detail taken as 
the main variable through using three different reinforcement detail types (T1, T2 and 
T3). The aim of this variable was to enhance the connection serviceability, limiting the 
damage within the connection, shifting the beam rotation concentration away from the 
connection to increase the rotational stiffness and eventually producing an equivalent 
monolithic connection. 
The results are shown and compared with each other in terms of beam-end 
deflections, relative beam-column rotation, cracking pattern, crack openings, 
compressive deformation in the compression zone and the concrete and steel bar strains, 
which are confronted against predicted ones.  
Furthermore, a theoretical model was calibrated to categorise the moment-rotation 
behaviour of specimens GR1 and GR2, while specimen GR3 will be shown to behave as 
a monolithically cast-in-place connection.  
5.2 Calculation techniques 
5.2.1 Experimental moment calculation 
The experimental beam moments were calculated at the column faces by 
multiplying the load recorded by load cells at the far member ends by the corresponding 
distance to the column face.  
CHAPTER 5 
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5.2.2 Experimental relative beam-column rotation 
So far, there is no standard method to experimentally measure the relative beam-to-
column rotations µș¶; however, in the absence of such guidance, a variety of techniques 
has been used by various researchers.  
Mahdi (1992), Gorgun (1997), and Ferreira (1999) determined the rotation through 
relative vertical deflections of the compression face of the beam with reference to the 
bottom column without deducting the rotation due to beam-end flexural curvature. 
Elliott et al (2003a) pointed out that the measured rotation should not include such 
rotation; otherwise it will be counted twice in the frame analysis. To accommodate this 
aspect in the current study, the rotation was calculated by dividing the deflection at 
location 1 by the distance from the column face µ/¶, and deducting the rotation along 
the length L1 due to bending curvature (see Figure 5.1).  
Ʌ1 =  ܱܲ 1ܶ  L1 െ  M L1Ec  Ieff    (5.1) 
In which M is the applied moment, E is the concrete modulus of elasticity and Ieff is 
the effective second moment of area based on the Branson¶V model (ACI, 2008a). The 
measured deflection (POT1) is taken with reference to the column, using POTs mounted 
on a steel rod fixed with the column. The rotation in the other side was calculated using 
the same approach. This method of measuring rotations will be called M1. 
The second method (M2) for calculating ș has been used by Pillai and Kirk 
(1981), Bhatt and Kirk (1985), Stanton et al (1986), Dolan and Pessik (1989), Mahdi 
(1992), Gorgun (1997), Korkmaz and Tankut (2005), and Alva et al (2009), which is 
based on measuring the relative beam-column displacement at the top and bottom of the 
beam (locations 2 and 3 in Figure 5.1), where the POTs are mounted on steel rods fixed 
with the top and bottom surfaces of the beam. The measurement at the top (location 2) 
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measures the beam crack opening µw¶,  and at the bottom (location 3) measures the 
beam compressive deformation µįc¶.  These two measurements determine ș according to 
Eq. (5.2). The 2nd term in Eq. (5.2) is similar to the 2nd term in Eq. (5.1) but using L4 
instead of L1. It is worth mentioning that method M2 is susceptible to the crack relative 
location with respect to the location of mounting the POTs. 
Ʌ2 =  ܱܲ 2ܶ+ ܱܲ 3ܶL2  െ  M L4Ec  Ieff    (5.2) 
In addition to the above-mentioned methods, Stanton et al (1986) and de 
Chefdebien and Dardare (1994) determined the rotation from the difference between the 
measured and calculated deflection, under the applied load, divided by the load span 
(method M3).  
Ʌ3 =  ȟe െ  ȟcL3  (5.3) 
In which ǻe (POT4, POT5) is the experimentally measured deflection of the beam 
under the load point, ǻc is the calculated deflection using conventional models at the 
same location, and L3 is the distance from the applied load to the column face. This 
PHWKRGDVVXPHVWKDW%UDQVRQ¶Vmodel (ACI, 2008a) of calculating deflections is able to 
capture all the non-linear behaviour of concrete under all loading types.  
In the current research, methods M1 and M2 were used to determine the relative 
beam-column rotation. 
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Figure 5.1 Measurement locations for calculating relative beam-column rotation in series 1  
 
5.2.3 Experimental rotational stiffness calculation 
Two types of experimental rotational stiffness were calculated: uncracked secant 
rotational stiffness µ6cr¶ calculated before the appearance of the first crack, and yield 
secant rotational stiffness µ6y¶ calculated at the onset of yielding of reinforcement 
(Figure 5.2). Sy represents a conservative approach for representing the elastic range of 
behaviour, which could be easily incorporated in semi-rigid frame analyses. Sy is the 
slope of the M-ș curve considering the chord connecting the point of yielding of 
reinforcement with the origin point, while Scr is the slope of the chord prior to crack.  
 
Figure 5.2 Connection rotational stiffness modelling 
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5.2.4 Predicted moment capacity calculation 
The predicted cracking moment µ0cr¶, yielding moment µ0y¶ and the ultimate 
moment capacity µ0u¶ of the beam were found based on EC2 (CEN, 2004b) as shown 
below, to be compared against the experimental values.  
Mcr =  
  c݂t ,fl    II
yt
 (5.4) 
My  =  As  y݂  ZII  (5.5) 
Mu  =  As  y݂  ZIII  (5.6) 
ZI  =  d െ  13  xI  ;   ZII  =  d െ  13  xII   ; ZIII  =  d െ  0.4  xIII   (5.7) 
Where II is the second moment of area of gross uncracked section, yt is the 
distance from the neutral axis to the extreme fibre in the tension side of the beam, As is 
the tension steel bar area, fy is the actual yield strength of the reinforcing bars, d is the 
effective depth of the beam cross section, xI, xII, xIII are the neutral axis depths from the 
compression side of the beam for uncracked section, fully cracked section, and at the 
ultimate state, respectively, and fct,fl is the flexural tensile strength of concrete. 
The fy grades were obtained experimentally, while fct,fl was calculated according to 
Eq. (5.8a) according to EC2 (CEN, 2004b). In the equation, fc is the concrete cylinder 
compressive strength, which was obtained by converting experimentally determined fcu 
values to equivalent fc values using Table 3.1 in EC2:  
c݂t  =  0.3 fc
2/3
                           for c݂ ൑ C50/60         (5.8a) 
c݂t  =  2.12 ln  (1 +
fc
10
)         for c݂ > ܥ50/60    (5.8b) 
c݂t ,fl  = max ቄቀ1.6 െ  h1000ቁ   c݂t  ;  c݂tቅ       : h is the member depth (5.8c) 
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5.2.5 Predicted deflection calculation 
In calculating beam deflection, the key factor is the sufficiency in the estimation 
of the effective second moment of area µIeff¶%UDQVRQ¶Vmodel (ACI, 2008a) was used 
for this estimation for beams with monolithic connection at the ends, as shown below: ݁ܫ ݂݂ =   ܫܫ                                                                      ݂݋ݎ ܯ ൑ ܯܿݎ  (5.9) ݁ܫ ݂݂ = ൬ܯܿݎܯ ൰3 ܫܫ + ቈ1 െ ൬ܯܿݎܯ ൰3቉  ܫܫܫ  ൑  ݁ܫ ݂݂                 ݂݋ݎ ܯ > ܯܿݎ  (5.10) ܯܿݎ =  ݂ܿ ݐ ,݂݈     ݁ܫ ݂݂   yt   (5.11) 
in which M is the applied bending moment, Mcr is the cracking moment, II is the 
second moment of area of gross uncracked transformed section, III is the second 
moment of area of fully cracked section, fct,fl is the flexural tensile strength of concrete, 
yt is the distance from the neutral axis of the member to the extreme fibre in the tension 
face.  
Al-Shaikh et al (1993) showed that the above model underestimated Ieff by 30% in 
the case of heavily reinforced beams (ȡ 2%), and 12% in the case of lightly reinforced 
beams (ȡ   0.8%). Also, according to Al-Zaid et al (1991), the model was found to 
underestimate Ieff by 20% for beams under concentrated loads; this discrepancy was 
attributed to having different lengths over which a beam cracks to specific load 
conditions. In this respect, in order to consider the higher I value at the less cracked 
sections under concentrated loads, the beam GHIOHFWLRQµį¶was recommended by Ghali 
(1993) to be calculated WKURXJKLQWHJUDWLQJWKHFXUYDWXUH0(,RYHUWKHEHDP¶Vlength 
based on the moment-area theorem. 
Ɂ =  න   M
Ec  Ieff
  xr  dx (5.12) 
Where M is the applied moment, Ieff is the effective second moment of area 
according to Eqs. (5.9) and (5.10) ZKLFKLVYDULHGDORQJWKHEHDP¶Vlength, and Ec is the 
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modulus of elasticity of concrete. In the current study, deflections were calculated 
according to Eq. (5.12) by dividing the beam into 100 mm-long segments and 
calculating a different Ieff value for each segment; xr in Eq (5.12) is the distance from 
these segments to the location of calculating deflection. However, the actual deflections 
for beam with semi-rigid end connections would be higher than that obtained using the 
above procedure due to additional deflections resulting from relative beam-column 
rotations. This difference will be investigated within the presentation of the measured 
deflections in the next sections. 
5.2.6 Predicted strain calculation 
The predicted strain µİ¶ in the beam for both concrete and steel bars was 
calculated using the elastic flexure formula: ߝ =  ܯ  ݕ ܧ ݁ܫ ݂݂  (5.13) 
Where E is the modulus of elasticity of considered material (steel/concrete), Ieff is 
taken as II when calculating the strain at cracking moment µİcr¶, and calculated 
according to Eq. (5.11) WRGHWHUPLQHWKHVWUDLQDW\LHOGPRPHQWµİy¶LQERWKFRQFUHWHDQG
steel
 
(Figure 5.3). The values of y (distance to the neutral axis) were calculated 
considering an uncracked section at Mcr, and considering a fully cracked section at My.  
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5.3 Series 1 test results 
The load configuration and the details of the connection reinforcement types (T1, 
T2 and T3) could be found in Figures 4.1 to 4.5. The results of the tested specimens are 
presented in Table 5.1 and the characteristics of the materials were presented in Section 
4.4. The relative beam-column rotations used to compute the rotational stiffness 
reported in Table 5.1 were determined using method M1 mentioned in Section 5.2.2.  
Table 5.1 Summary of test results of series 1 (GR) 
Test  Connection 
side 
Yield moment, My 
(kNm) 
Ultimate moment, Mu  
(kNm)  
Rotational Stiffness# 
(kNm/rad) 
Cal. Exp. Ratio % Cal. Exp. Ratio % Scr Sy 
GR1* 
Beam-1- 
115.8 
131.1 113.2 
121.3 
137.3 113.3 133493 30160 
Beam-2- 132.0 114.0 139.2 114.8 --------- --------- 
GR2& 
Beam-1- 
143.4 
135.5 94.5 
151.1 
155.3 102.8 137197 29910 
Beam-2- 134.8 94.0 149.4  98.9 105806 28950 
GR3$ 
Beam-1- 
149.8 
----- ----- 
157.8 
159.4 101.0 --------- 106905 
Beam-2- 
----- ----- 159.7 101.2 222846 100857 
Test Ref. Cracking moment, Mcr (kNm) 
 
Cal. Exp. Ratio % 
GR1  39.4  43.5 110.4 
GR2  41.3  29.3 71.0  
GR3  44.4  46.4 104.5 
*  : the critical section is at column face 
& : the critical section is at 300 mm from column face, and the reported moments include 3.7 kNm self-
weight moment 
$ : the critical section is at 400 mm from column face  
# : The reported rotational stiffnesses under Sy are the yield stiffness for specimens GR1 and GR2, while 
for GR3, it is the stiffness at 159.4 kNm in the ascending  part of the moment-rotation curve. 
 
Figure 5.3 Moment-strain relation modelling 
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In Table 5.1, both the experimental and calculated beam moments are at the 
column face; the calculated beam moment capacities are based on different critical 
beam sections according to the reinforcement details (notes *, & and $ in Table 5.1) 
without considering the two discontinuous beam side bars (refer to Figure 4.3). 
5.3.1 Specimen GR1 
This specimen represents the reference for the other two specimens. In GR1, usual 
reinforcement details (detail T1, Figure 4.3) were provided at the connection with 
bending the beam main steel bars at the bottom to the top to form beam top 
reinforcement. The continuity of the beam top reinforcement across the connection was 
provided through using 2H20 steel bars embedded in grout within the trough.  
5.3.1.1 Strength, rotational stiffness capacity and deflection of GR1 
Specimen GR1 (Table 5.1) achieved a beam moment capacity not less than the 
predicted one, and exhibited an adequate stiffness. The predicted yield moment was 
115.8 kNm (M/bd2 fc = 0.06), while the experimental one was 131.1 kNm for beam 1 
(M/bd2 fc = 0.068), with the yield secant rotational stiffness µ6y¶ of 30160 kNm/rad (see 
Figure 5.4). The moment at 0.3 mm crack width was 108 kNm (M/bd2 fc = 0.056). 
Figure 5.4 shows the beam-column relative rotations µș¶ using two different 
methods, where method M1 gives higher ș values in comparison with method M2. This 
is because method M2 is susceptible to the crack locations and, at many loading stages, 
the POTs (at location C in Figure 5.4, for example) did not capture main cracks that 
happened within the connection. This is clear from the curve of method M2, where 
there is a setback in the curve around the yielding due to large cracks that occurred 
within the connection. This recommends the use of method M1 as a reliable way to 
measure the relative beam-column rotation.  
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Figure 5.4 Beam moment vs. relative beam-column rotation in specimen GR1  
Figure 5.5 shows the experimental beam deflections compared with predicted 
ones. In order to differentiate the additional deflection due to the relative beam-column 
rotation, the beam deflection is presented in two forms: (i) the elastic deformation µ'1¶ 
FRQVLGHULQJ WKHFRQFUHWH¶V HIIHFWLYHVHFRQGPRPHQWRIDUHD ,eff as it was described in 
Section 5.2.4, and (ii) the elastic deformation due to the release of the rotation in the 
connection zone µ'2¶('2 ș/ZKHUH/LVWKHOHYHUDUPRIWKHORDG 
It is clear from Figure 5.5 that there is a match between '1 + '2 curve and the 
experimental deflection curve at the early loading stage, but there is some discrepancy 
afterwards. To some extent, this could be attributed to the model of calculating Ieff, 
where Al-Shaikh et al (1993)
 
pointed out that the Branson model (ACI, 2008a) for 
calculating Ieff underestimated its value by 12% in the case of a lightly reinforced 
member (ȡ = 0.8%), compared to the 0.6% reinforcement ratio used in specimen GR1.  
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Figure 5.5 Beam load vs. deflection in specimen GR1  
 
5.3.1.2 Crack pattern and failure mode of GR1  
The failure mode of specimen GR1 was ductile with crack distribution along the 
beam length (Figure 5.6); however, there was concentration of cracks within the 
connection at the late stages of loading. The failure type was a combined flexure-bond 
with a ductility index of 3.5. 
 The bond loss partially developed in beam 1 (left beam) as shown in Figure 5.7c 
and Figure 5.7g, and fully developed in beam 2 (right beam) as shown in Figure 5.7d 
and Figure 5.7h. This difference was due to stopping the test upon noticing the bond 
loss at beam 2 without allowing the full bond loss to happen in beam 1. In beam 1, the 
bond loss appeared through splitting cracks and the pull-out of the beam grout. 
In was beneficial to have beam 2 in the partial bond loss condition. This is to 
examine the initial state of the bond loss. By examining Figure 5.7g, it is clear that the 
bond loss started between the active 2H20 top steel bars embedded in the grout through 
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horizontal splitting cracks accompanied by losing the bond between the grout and the 
concrete at one side.  
The first crack appeared at the interface between the beam and vertical grout 
within the connection at a beam load of 30 kN, followed by cracks at both sides 
accompanied by an extension of the first crack within the connection to the top and the 
bottom. After that, usual crack propagation similar to rigid beam-column connection 
was observed in the beam at both sides.  
At load 55 kN (60% of the yield load) in beam 1 and load 60 kN (66% of the yield 
load) in beam 2, cracks appeared at the end of the 2H20 (discontinuous bent bars) 
within the connection signalling an improper bond state of these bars. At this stage, it 
could be stated that another behaviour mechanism started by locating the weak beam 
section at the end of these bent bars within the connection rather than the beam section 
at the column face.  
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Figure 5.7 Details of propagation, distribution and spacing of cracks in specimen GR1 
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Figure 5.7 (Cont.) Details of propagation, distribution and spacing of cracks in specimen GR1 
 
5.3.1.3 Beam steel and concrete strains and deformations of GR1 
Figure 5.8 and Figure 5.9 show the moment µ0¶versus crack opening µw¶at the 
top of the beam, and M
 
against the compressive deformation µįc¶at the bottom face of 
the beam, respectively. These two readings (w and įc) gave the relative beam-column 
rotation using method M2. In both graphs, by comparing the experimental relation with 
predicted relation assuming rigid connection behaviour, it is obvious that there is an 
additional tension crack opening at the top of the connection and additional compressive 
deformation at the bottom of the connection. These are the cause of the occurrence of 
the relative beam-column rotation and consequently the semi-rigid behaviour of the 
connection.  
The crack opening represents the crack widths within the measured zone only, and 
does not include the cracks outside it. This is especially true for not including the cracks 
within the connection, where fine cracks appeared at the early loading stage with a 
concentration of large cracks at the ultimate limit state. This might explain the set back 
of the crack width of beam 2 after the yielding before continuing to follow beam 1. This 
might suggest that using these readings to calculate the relative beam-column rotation 
would not give the correct relative rotation and overestimate the rotational stiffness.  
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Figure 5.10 and Figure 5.11 show the strain recorded in the beam for both the 
concrete and steel bars, respectively. The experimental values are compared with 
predicted ones obtained using the procedure presented in Section 5.2.6, where point P1 
represents the cracking moment and point P2 represents the yield moment. The 
contribution of the non-continuous 2H20 side bars was not considered in the calculation 
of the predicted strains. 
According to Figure 5.10 and Figure 5.11, the experimental curve follows the 
predicted behaviour, and the only exception is location D in the steel bars. The 
discrepancy in this bar started prior to the yielding, which is attributed to a different 
bond status at location D. In Figure 5.11, it is noticeable that there is a difference in the 
behaviour between the predicted curve and the tested one between moments 21.7 (15 
kN beam load) and 39.5 kNm (27.25 kN beam load). The difference is attributed to 
cracks at the precast component interfaces within the connection that did not extend to 
the external surface of the concrete to be seen, which are not considered in the predicted 
curve.  
 
Figure 5.8 Beam moment vs. crack opening at  
beam-column top boundary in specimen GR1 
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Figure 5.9 Beam moment vs. concrete compressive deformation  
at bottom beam-column interface in specimen GR1 
 
 
 
Figure 5.10 Beam moment vs. concrete compressive strain 
at the bottom of beam 1 in specimen GR1 
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Figure 5.11 Beam moment vs. beam steel bar strain in specimen GR1 
 
5.3.1.4 Column vertical strain distribution of GR1 
The axial strain distributions in the top column are shown in Figure 5.12; as 
shown, there is an eccentricity in the column axial load, which is the reason for not 
having a uniform constant strain distribution even before applying the beam load. 
The dashed lines in Figure 5.12 are connecting the readings of the middle strain 
gauge µ6*¶ with those at the right side, which does not represent the actual strain status 
starting from a 65.4 kN beam load. This is because, at this loading stage, the cracks 
extended to the top of the SG at the right side, and started to separate the location, 
where the SG was attached, from the column. The strain in the top column (apart from 
the initial column load eccentricity) was almost uniform up to a 59.6 kN beam load, 
before the extension of cracks to the top column.  
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Figure 5.12 Strain distribution at top column in specimen GR1 
 
5.3.2 Specimen GR2 
Based on the results of specimen GR1, the design of specimen GR2 aimed to 
modify the behaviour by decreasing the crack widths within the connection zone, which 
comprises the interfaces and parts of the adjoining elements, and shifting the 
concentration of cracks to the outside of this zone. The modifications included the use 
of 2H16 mm diameter straight steel bars as the beam discontinuous top bars, horizontal 
U-shaped links at the beam ends, and closer column link spacing at the connection side 
(Figure 4.4a). In addition, in order to investigate the effect of repeated loading on the 
strain recovery, the specimen was tested under repeated loading schemes (Section 
4.3.3). It should be mentioned that the moments reported in Table 5.1 regarding 
specimen GR2 include a moment of 3.7 kNm due to the beam self-weight, which 
represents 2.8% to 2.4% of the reported moments; despite that, the loads and moments 
reported for GR2 are those due to only the applied beam load as no measurements were 
taken for the deflection or the rotation under the self-weight.  
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5.3.2.1 Strength, rotational stiffness capacity and deflection of GR2 
Specimen GR2 achieved a beam moment capacity close to the one predicted 
according to EC2 (CEN, 2004b) (Table 5.1). The predicted yield moment was 143.7 
kNm (M/bd2 fc =0.064), while the experimental value was 136.7 kNm (M/bd2 fc = 
0.061), with yield secant rotational stiffness µ6y¶ ranging from 29910 kNm/rad for beam 
1 and 28950 kNm/rad for beam 2 (see Figure 5.13). This range of Sy is close to that 
obtained in specimen GR1, meaning that the connection reinforcement of type T2 had 
no significant effect on Sy.  
Figure 5.13 shows the beam-column relative rotations µș¶ of specimen GR1 using 
method M1 (refer to Section 5.2.2). As shown in the specimen GR1 results, this method 
would give a more representative value for ș to be used in determining the rotational 
stiffness of the connection.  
Figure 5.14 shows the experimental beam deflections compared with the predicted 
ones. Similar to specimen GR1, the beam deflection is attributed to the elastic 
deformation ('1), and the release of the rotation in the connection zone ('2  ș/ As 
shown, there is almost a perfect match between the predicted curve ('1+'2) and the 
experimental curve at the early loading stage; however, at the later loading stages, there 
is some discrepancy due to the same reason presented for specimen GR2 (the 
underestimation of Ieff, refer to page 5-10). 
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Figure 5.13 Beam moment vs. relative beam- column rotation in specimen GR2 
 
Figure 5.14 Beam load vs. deflection in specimen GR2 
 
5.3.2.2 Crack pattern and failure mode of GR2  
The failure mode of specimen GR2 was ductile (Figure 5.15 and Figure 5.16) with 
a distribution of cracks along the beam length. The new connection reinforcement detail 
(type T2) was successful in shifting the location of the large cracks to be 380 mm from 
column face (location E in Figure 5.15b, and Figure 5.17), where the additional 
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yield moment), the cracks observed within the connection were hair cracks, and there 
was a controlled crack width zone at the beam-ends. Starting from that load (72 kN 
beam load), the crack width at location A started to widen and reached 0.3 mm width at 
102 kN beam load (124 kNm moment = 95% of the yield moment), followed by a 
concentration of cracks within the connection at both sides. The final failure type was a 
flexure failure without bond loss. 
From above, it is apparent that the new connection reinforcement detail (T2) was 
able to control the crack width within the connection zone up to 95% of the yield 
moment. However, detail T2 failed to prevent the final concentration of cracks from 
happening within the connection. This shows that the final weak section along the beam 
length is still around the middle of the connection where only the 2H20 beam steel bars 
are continuous. This feature was addressed and aimed to be solved in the following 
specimen (GR3).  
Table 5.1 shows that the new reinforcement detail T2 had no significant effect on 
My or Sy; however, there was a marked decrease in the crack width at the beam-ends 
close to the column face where the additional horizontal links were provided. 
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b) Approximate crack-reinforcement relative location 
 
   c)    Sketch 
Figure 5.15  Cracking pattern at failure in  specimen GR2 
 
a)  Photo 
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Figure 5.16 Details of crack propagation at different beam load levels in specimen GR2 
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Figure 5.17 Crack width vs. beam load in specimen GR2  
 
5.3.2.3 Beam steel and concrete strains and deformations of GR2 
Figure 5.18 shows the beam moment µ0¶versus crack opening µZ¶ at the top of 
the beam within the measured zone (100 mm); there was a continuous development in 
the crack width up to some stage after the yield moment µ0y¶. However, this 
development stopped in the middle of the plastification stage and there was even a 
decrease in the crack width in beam 1. This is attributed to the extension of large cracks 
from the connection to the top column, which was outside the zone of crack width 
measurement. On the other hand, the variation of the compressive deformation µįc¶ at 
the bottom face of the beam against M within the measured zone (100 mm) was 
consistent even after the yielding as shown in Figure 5.19, which demonstrates the 
ductility of the connection. However, as shown in Figure 5.18 and Figure 5.19, the 
experimental behaviour of the beam-column connection is still not close to the rigid 
behaviour.  
Figure 5.20 and Figure 5.21 show the strains recorded in both the concrete and 
steel bars, respectively, which are compared with relations predicted using the 
procedure presented in Section 5.2.6 and considering the horizontal H10 links used at 
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the beam-ends in the calculation of Ieff. As seen, the experimental curves follow the 
predicted relations, except for the steel bar strain around the 41.3 kNm predicted 
cracking moment (29.3 kN beam load). This behaviour is similar to what have been 
observed in specimen GR1. 
 Figure 5.21 shows that there was a change in the experimental behaviour at 18 
kN beam moment (15 kN beam load) indicating the occurrence of cracks within the 
connection that did extend to the surfaces. Through the visual inspection, no crack was 
observed at this loading stage, and the first crack initiated in the vertical interface 
between the beam and the vertical grout within the connection at a moment of 29.3 
kNm (24 kN beam load), followed by a crack at the column face at a moment of 32 
kNm (26 kN beam load) 
 
Figure 5.18 Moment vs. crack opening at beam-column top boundary in specimen GR2 
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Figure 5.19 Moment vs. concrete compressive deformation  
at bottom beam-column interface in specimen GR2 
 
 
Figure 5.20 Moment vs. concrete compressive strain  
at bottom of beam in specimen GR2 
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Figure 5.21 Moment vs. beam steel bar strain in specimen GR2 
 
5.3.3 Specimen GR3 
To prevent the plane of weakness that appeared in the previous specimen (GR2) 
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= 1100 mm) were added in the beam trough to work as an active beam top 
reinforcement within the connection zone. In addition, 2H8 mm additional links were 
added around the column main bars at the beam top level (detail T3, Figure 4.4b). 
5.3.3.1 Strength, rotational stiffness capacity and deflection of GR3 
The achieved maximum moment (M = 210.1 kNm for beam 1) of specimen GR3 
increased by 60% with respect to My of GR1; however, there was a sudden drop in the 
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ultimate moment capacity (Mu). For the beam at the other side (beam 2), the maximum 
achieved moment was 217 kNm and reduced to 159.7 kNm at the loss of bond.  
It is believed that, before the moment drop, the stress in the two H20 shorts bars 
was transmitting to the 2H16 side bars through a 520 mm indirect overlapped length 
(refer to Figure 4.4b). Up to 210 kNm moment (beam 1) and 217 kNm moment (beam 
2), it seems that there was a contribution from the 2H16 non-continuous side bars; 
beyond this moment, only the 2H20 mm continuous steel bars were active. In spite of 
this, the critical section remained at 300-400 mm from column face, where the 
continuous 2H20 bars remained active. This gave a final Mu = 159.4 kNm (beam 1), 
which is still 16% greater than the Mu in the reference test GR1.  
There was a very significant increase in the rotational stiffness (245%) in GR3. 
This is true if S of GR3 is calculated at a moment equal to 159.4 kNm for beam 1 in the 
ascending part, which is considered as the ultimate moment capacity of beam 1, 
neglecting the contribution of the 2H16 mm discontinuous side bars. 
The ductility of GR3 could not be captured through the measured rotations 
(Figure 5.22) due to the concentration of the rotation (at the plastification stage) away 
from the column face, where the rotation measurements were taken; however, the 
ductility is apparent through the measured deflections (Figure 5.23).  
In Figure 5.23, similar to what has been done for specimens GR1 and GR2, a 
comparison is made between the experimental beam deflections and the predicted 
values. The comparison shows that the difference between the experimental and 
predicted deflection values is small in specimen GR3 compared with the other two 
specimens (GR1 and GR2), which is an indication of behaviour close to a monolithic 
one.  
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Figure 5.22 Beam moment vs. relative beam-column rotation in specimen GR3 
 
Figure 5.23 Beam load vs. deflection in specimen GR3 
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400 mm (75% to 100% of the beam depth) from the column face (see Figures 5.24 and 
5.25). 
In contrast to the other two specimens (GR1 and GR2), the first cracks initiated in 
the beams at a distance of 120 to 400 mm from the column face (not within the 
connection) at a beam load of 32 kN due to the use of the 2H20 additional short steel 
bars in the trough which crossed the connection. At a beam load of 40 kN (58 kNm 
moment), cracks appeared at the column faces accompanied by a vertical crack within 
the connection at the interface between the beam and the grout.  
At the following loading stages, there was a propagation of cracks in the beam 
from the column faces towards the location of the applied beam loads, with less crack 
propagation within the connection in comparison with specimens GR1 and GR2. There 
was limited crack width zone at the region close to the column face; for example, the 
crack width did not exceed 0.1 mm at location A (see Figure 5.26). The concentration of 
cracks was at location B (300-400 mm from column face), where the crack width was 
0.15, 0.2 and 0.3 mm at beam loads of 68, 94 kN and 114 kN, respectively.  
The closest crack to the applied beam loads happened at a load of 126 kN and 
130 kN for beam 1 and beam 2, respectively. These cracks propagated vertically and 
diagonally indicating a flexure-shear mechanise resulting from a large shear force to 
moment ratio.  
The connection ductility is clear through sustaining a constant beam load after the 
bond loss; however, the test was stopped when the beam deflection reached 2.2 and 2.6 
(ductility index) times the deflection recorded at the maximum load. This stop was due 
to the damage appeared in the beam within 300-400 mm from column faces, where the 
final failure type could be classified as a flexure-bond loss failure.  
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                                                                                    a ) Connection status at failure 
 
d ) Section in beam 2 at column face   
Figure 5.25 Inspection of failure locations in specimen GR3 
 
c ) Top view of beam 1 
 
b ) Section in beam 1  at failure zone  
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Figure 5.26 Crack width measurement locations in specimen GR3 
 
5.3.3.3 Beam steel and concrete strains and deformations of GR3 
The variation of the crack opening µw¶ (tensile deformation) at the top of the beam 
within the measured zone (105 mm) against the beam moment µM¶is shown in Figure 
5.27. A continuous increase in the crack width was observed at both beam sides up to 
the maximum moment capacity (210 kNm in beam 1), when a sudden drop occurred in 
the crack width at these regions due to the bond loss and intensifying the cracks within 
300-400 mm away from the column faces. From the graph, it could be noticed that the 
drop in the crack opening is almost proportional to the amount of the dropped moment; 
this suggests that the stress in the steel bars at the column face was still in the elastic 
range. 
On the other hand, the deformation įc at the compression zone of the beam against 
M within the measured zone (105 mm) was increasing even after the bond loss (Figure 
5.28), indicating an increase in the concrete strain due to the crack propagation to 
location A from the region at 300-400 mm from the column face. 
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The variation of beam compressive strain recorded at two elevations (50 mm and 
100 mm from the bottom) at 150 mm away from the column face is shown Figure 5.29. 
The behaviour is compared with the predicted relation for a rigid connection using the 
effective second moment of area as has been presented in Section 5.2.6. The predicted 
curves were based on calculating the strain at two points: (i) cracking moment using the 
uncracked second moment of area (point P1); and (ii) yield moment using the effective 
second moment of area at yielding (point P2) XVLQJ%UDQVRQ¶VPRGHO$&,D. It 
should be mentioned that the calculations considered the full contribution of the 4H20 
continuous beam top steel bars and the horizontal steel links at the beam ends. The 
comparison shows that the experimental results are corresponding to the relation 
predicted for three locations out of four, where there is some discrepancy at location B. 
According to the predicted relation, locations A to BB are in compression state for 
the whole loading stage, and the neutral axis was predicted to be not less than 100 mm 
(above locations A and AA) up to the fully cracked stage (stage II). However, at the 
moment of 145 kNm (100 kN beam load) for beam 1 and the moment of 160 kNm (110 
kN beam load) for beam 2, cracks extended diagonally from adjacent sections to reach 
the strain gauges at these locations. It seems that, in spite of being able to predict the 
strains to some extent, the predicted relation failed to expect the occurrence of a tension 
zone at these locations, especially at locations A and AA. Furthermore, this behaviour 
could be noticed in the variation of the neutral axis level along the beam depth at 150 
mm from the column face (section 1-1), as shown in Figure 5.30. At the moment of 145 
kNm in beam 1, the strain at location A turned out to be tensile due to a diagonal 
extension of cracks from the beam section at 300-400 mm away from the column face.  
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It should be stated that the predicted relation in Figure 5.29 is based on the 
assumption that the crack at 150 mm from the column face, where the strains are 
calculated, is vertical and no crack would extend to this location from other locations. It 
appears that, due to the concentration of cracks at 300 to 400 mm away from the column 
faces (region 1), the behaviour at section 150 mm from the column face (region 2) was 
affected, and there was extension of cracks from region 1 to region 2. 
The strain in the top steel bar at locations D to G within the beam trough versus 
the beam moment is shown in Figure 5.31 in two forms: (i) the strain variation at 
locations D to G up to the maximum ultimate moment before the bond loss, and (ii) the 
strain variation at locations E and G for the whole loading history. Figure 5.31 shows 
that there is a reasonable agreement between the experimental and the strains predicted 
at location E. In contrast to specimens GR1 and GR2, there was less disagreement 
between the predicted steel strains and the experimental ones around the cracking 
moment. This is attributed to the additional 2H20 short steel bars across the connection 
(reinforcement detail of type T3) that delayed the hair cracks at the vertical interfaces 
within the connection.  
The strain variation of the top steel bar along the beam length starting from the 
connection centre to 300 mm from the column face (locations D to G) is shown in 
Figure 5.32 in two forms: (i) stage 1 (Figure 5.32a) that shows the variation up to the 
maximum achieved moment (210 kNm in beam 1); and (ii) stage 2 (Figure 5.32b)  that 
shows the decline in the steel bar strains after the loss of bond. At stage 1, the maximum 
strain was at location G, where the horizontal links are terminated and the 2H20 short 
bars are about to reach the passive end; this confirms that the section of strain (stress) 
concentration was away from the column face, which fulfils the aim behind the design 
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of specimen GR3. At stage 2, the strain decline at location G was steeper than other 
locations; this reflects the fact that the bond loss happened at location G (Figure 5.32b). 
From above, it is clear that the yielding happened at location G, followed by the loss of 
bond that resulted in the drop in the moment capacity.  
  
Figure 5.27 Moment vs. crack opening at beam-column top boundary in specimen GR3 
Figure 5.28 Moment vs. concrete compressive deformation  
at bottom beam-column interface in specimen GR3 
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Figure 5.29 Moment vs. concrete compressive strain  
at the bottom of beam in specimen GR3 
 
 
 
Figure 5.30 Neutral axis variation in beam 1 (specimen GR3) 
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a) Up to the loss of bond (210.1 kNm beam 1 moment) at locations D to G 
 
 
 
 
b) For the whole loading history at locations E and G 
Figure 5.31 Moment vs. beam steel bar strain in specimen GR3 
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a) Up to the ultimate moment 210.1 kNm (beam 1) 
b) Descending part after the bond loss  
Figure 5.32 Steel strain variation of beam top steel bar in specimen GR3 
 
5.3.3.4 Column vertical strain distribution of GR3 
The overall column axial strain variation with the beam load is shown in Figure 
5.33; the strains remained compressive at all loading stages except at locations X and Z, 
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where the strain turned out to be tension at the edge due to extension of the cracks from 
the beam-ends to the locations X and Z.  
The details of axial strain variation along the column width at the top and bottom 
is presented in Figure 5.34 and Figure 5.35. In contrast to specimen GR1, it is clear 
from both figures that there was only a slight eccentricity in the column axial load (500 
kN) leading to almost a uniform constant strain (stress) distribution at zero beam load, 
and to be very close to the predicted ones.  
As shown in Figure 5.34, at the early loading stages, there was almost no increase 
in column axial strain in the top column; this would suggest that there was limited 
relative beam-end rotation at that loading stage in specimen GR3. This is true for the 
loading states prior to a beam load of 94 kN for location X and to a beam load of 110 
kN for location Z. Starting from these loads, the strain at X and Z began to decrease 
(from negative values towards zero) and turned out later to be positive (tensile strains). 
When the strains reached the ultimate tensile strain of concrete, cracks occurred at 
locations X and Z, and when the cracks crossed the SGs, the readings were no longer 
valid; therefore, the strains are not reported for the higher loads. 
In Figure 5.35, the axial stain distribution in the bottom column under the 500 kN 
axial column load and zero beam load is close to the predicted one. By applying the 
beam load, the strain intensified at the edges (location XX and ZZ) indicating locating 
the reactions for the beam loads away from the column centre line. The same trend of 
strain distribution continued through the subsequent beam loading stages. As seen, there 
was a prying action exerted by the beam rotation on the column edge. 
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Figure 5.33 Column axial strain vs. beam load in specimen GR3 
 
Figure 5.34 Axial strain distribution in top column in specimen GR3 
 
Figure 5.35 Axial strain distribution in bottom column in specimen GR3 
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5.3.4 Comparison of results 
5.3.4.1 Moment capacity and rotational stiffness 
In specimen GR1, in spite of achieving the full moment capacity, there was a 
concentration of cracks within the connection prior to yielding, which is unfavourable 
for satisfactory connection behaviour. Hence, specimens GR2 and GR3 were designed 
with improved connection reinforcement details of T2 and T3, respectively (Figure 4.4). 
Figures 5.37 and 5.38 show that the detail T2 had no significant effect on the 
rotational stiffness; however, there was a marked decrease in the crack width at the 
beam-ends close to the column face (Figure 5.17). Also, using T2 enhanced the beam 
strength, to some extent, due to the contribution of additional horizontal links. This 
behaviour is more pronounced in beam 1.  
For reinforcement type T3 (specimen GR3), the maximum achieved moment 
(M=210 kNm) increased by 60% compared to My of GR1 (Figure 5.36), and the 
rotational stiffness increased by 245% considering the stiffness at 159.4 kNm for GR3 
(Figure 5.37).  
All the specimens showed a ductile behaviour; however, in specimen GR3, the 
ductility is noticeable through the measured deflections (Figure 5.36) rather than the 
measured rotations (Figures 5.37 and 5.38). This is due to the concentration of the 
rotation after the loss of bond away from the column face, where the rotation 
measurements were taken. 
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Figure 5.36 Beam deflection vs. load in specimens GR1 and GR3 
 
 
Figure 5.37 Beam-column rotation vs. normalised moment in series GR 
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Figure 5.38 Beam-column rotation vs. moment in series GR 
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This shows that specimen GR2 (connection detail of type T2) was able to delay the 
concentration of cracks within the connection, but failed to prevent it.  
In GR3, thanks to the additional horizontal links and 2H20 short bars (connection 
detail of type T3), the concentration of the final damage did not happen in the 
connection zone; rather, it happened at 400 mm from the column face, coincidentally 
where the additional 2H20 bars and the horizontal links are terminated. In addition, 
GR3 provided a controlled crack width region within 300 mm from the column face, the 
same as in specimen GR2. 
To show the relation between the experimental secant rotational stiffness µ6¶and 
the crack width, the variation of S in specimens GR2 and GR3 versus the applied beam 
moment are shown in Figure 5.40. In the graph, the maximum crack width recorded at 
certain loading stages is indicated. From the graph, it is clear that specimen GR2 
experienced a typical service crack width 0.3 mm at around 76% of the yield moment; 
in contrast, the 0.3 mm crack width did not appear in specimen GR3 until late loading 
stages due to the use of the additional 2H20 short bars at the connection.  
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Figure 5.40 Rotational stiffness deterioration in specimens GR2 and GR3 
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UHFRJQLWLRQRIWKHFRQQHFWLRQIOH[LELOLW\0RQIRUWRQ¶V(1963) end-fixity factor could be 
calculated based on the flexural rigidity (EI/L) of the connected member, which would 
vary from zero for pinned connections (Sy = 0) to 1 for fixed connections (Sy = ) as 
below: 
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ߛ =  1 
1 + 
3 ܧܿ  ܫܵݕ  ܮ  (5.14) 
In which Ec is the modulus of elasticity of concrete, I is the second moment of 
area of the beam, Sy is the yield secant rotational stiffness of the connection, and L is 
the effective span of the beam.  
Figure 5.41 shows the variation in J (using Eq. (5.14)) for a single span of 
different span lengths using the yield secant rotational stiffness of GR1 (Sy = 30160 
kNm/rad), GR2 (Sy = 29910 kNm/rad) and GR3 (Sy = 106905 kNm/rad) using two 
different values of EcI for the beam, namely full EcI (curves a, b and c) and 0.5 EcI 
(curves d, e and f). According to the ACI Code of Practice (2008a), these values are 
proposed to be suitable for analysis of structures subjected to gravity loads. However, 
the comparison showed that using full EcI for the connected members affects 
enormously the classification of the connection, as shown in Figure 5.41. 
Also seen in Figure 5.41, the GR1 specimen is classified as semi-rigid for span 
lengths between 0.94 m and 15.59 m using full EcI (curve b), and for span lengths 
between 0.47 m and 7.79 m using 0.5 EcI (curve e). On the other hand, by considering 
the much greater S = 106,905 kNm/rad from specimen GR3, the connection is classified 
as rigid for L greater than 2.37 m (using 0.5 EcI, curve f). In practice of small spans, the 
beam section and negative reinforcement are kept the same as the adjacent long spans, 
in spite of having low negative moment there. This guarantees having uncracked 
sections and a very large rotational stiffness, which was found to be 222 846 kNm/rad 
prior to onset of cracks in the case of using connection reinforcement of type T3 (GR3). 
As shown in Figure 5.41, connection specimens GR1 and GR2 (as the rotational 
stiffness of specimen GR2 is almost as same as that of GR1) are classified as semi-rigid 
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for most of the practical spans, while connection specimen GR3 is classified as a rigid 
connection (equivalent to a monolithic beam-column connection) considering that 
achieving 80% rigid hogging moment is sufficient.  
For a single span beam with equal end-rotational stiffnesses, the semi-rigid 
hogging moment µ0E¶ DW VXSSRUWVcould be found as a ratio of the fixed-end moment 
(MF= wL2/12) using Eq. (5.15), and the semi-rigid mid-span sagging moment µ0S¶ 
could be found as a ratio of the mid-span moment (wL2/24) of a fixed-end beam using 
Eq. (5.16). The variations of the semi-rigid end moments achieved in a single span of 
varied span lengths are shown in Figure 5.42 for all tested specimens. The validity of 
use of Eq. (5.15) and Eq. (5.16) for beams in full frames subjected to gravity loading 
will be examined in Chapter 8. 
ܯܧܯܨ  =  3 ߛ2 +  ߛ     ;      ܯܧ = ܹ ܮ212  .  3 ߛ2 +  ߛ (5.15) ܯܵ = ܹ ܮ2
24
 .  
2 (3 െ 1.5 ߛ)
2 +  ߛ  (5.16) 
 
Figure 5.41 Classification of specimens in series GR  
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Figure 5.42 Semi-rigid hogging moments achieved in a single span beam  
using Sy of specimens in series GR  
 
5.4 Analytical modelling 
Specimens GR1 and GR2 exhibited semi-rigid behaviour under gravity loads, 
meaning that for an accurate analysis of frames comprising such connections, the 
rotational stiffness of the beam-column connections needs to be incorporated in the 
analysis. To characterise the behaviour of semi-rigid connections, the yield moment of 
resistance µMy¶ and the beam-column relative rotation at yielding µșy¶ could be known 
most effectively from full-scale experimental testing. However, due to the cost of such 
experiments, this approach is limited for research purposes and for preliminary 
evaluation of new connection types. Therefore, simplified analytical models are 
essential as a cost-effective alternative tool. 
As part of this research, an analytical model (Ferreira, Elliot and Hasan, 2010) 
was proposed to predict the rotational stiffness for a precast beam-column connection 
with continuity steel bars crossing the connection at the top of the beam. In this kind of 
connection, the relative beam-column rotation arises mainly due to the elongation of the 
steel bars within the connection zone, which is highly affected by the crack propagation 
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and the bond-slip status. The yield secant rotational stiffness µ6y¶ represents the stiffness 
at the onset of the first yield of longitudinal reinforcement, as below:  ܵݕ =  ܯݕߠݕ  (5.17) 
In beam-column connections with fully anchored beam top bars, the yielding 
moment was taken to be equal to (refer to Section 5.2.4): ܯݕ =  ܣݏ   ݂ݕ    ቀ݀ െ  ݔܫܫ3 ቁ (5.18) 
In the model, șy is attributed to two behaviour mechanisms: (i) steel bar 
elongation with the column (le), where the bond status is considered as ³good´; and (i) 
steel bar elongation at the beam end (ld) close to the column face, where the bond status 
is considered as ³reduced ERQG´ due to the concentration of deformations. șy is 
calculated just before the first yield occurrence at the continuity bars (Hs=Hsy). In beam-
column connections without corbels, the rotation could be obtained (Eq. (5.19)) by 
dividing Hsy by the difference between the effective section depth µd¶ and the fully 
cracked section neutral axis µxII¶(see Figure 5.43). ߠݕ =   ൬ ߳ݏݕ݀ െ  xܫܫ൰  ݈݁݀  (5.19) ߳ݏݕ =  ߪݕܧݏ  (5.20) ݈݁݀ =  ݈݁ +  ݈݀   (5.21)   
 
Figure 5.43 Deformation configuration in the beam-column connection studied 
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As shown in Section 2.5 (Chapter 2), the transmission bond length µlt2¶ is 
influenced by the steel bar diameter µ¶, stress level in the steel bars µıs¶, and the 
average/nominal bond stress µĲa¶, which is taken as half of the maximum local bond 
stress µĲmax¶: ݈ݐ1 =  ׎ ߪݏ  4  ߬ܽ  + 2  ׎                                                              (5.22) ɒa =   12   ɒmax  (5.23) ݈ݐ1 =  ׎ ߪݏ  8  ߬݉ܽݔ  + 2  ׎                                                              (5.24) 
 
CEB-FIP 1990 model Code (1993) suggests two values for Ĳmax for a concrete-
steel bar bond: 
  ɒmax = 2.5 ඥfc      ;   for  µgood bond condition¶ (5.25) 
  ɒmax = 1.25 ඥfc    ;   for  µother bond conditions¶ (5.26) 
 
In the beam-column connections type investigated in the current study, the active 
bond is between the grout and the steel bars; therefore, the above two equations cannot 
be used directly in the model. To determine the maximum local bond stress for grout-
steel bar contact, two pull-out tests of H20 mm steel bars embedded in grout have been 
conducted in this study (see Appendix F). The results showed that Ĳmax for a steel bar-
grout bond LQµJRRG¶condition could be taken as 2.0 ඥ݂ܿ  to characterise the behaviour; 
bearing in mind that this equation might be valid only for the grout mix and the H20 
steel bar used in the current study. Accordingly, for the maximum local bond stress for 
steel bars embedded cement-based grout, Eq. (5.25) and Eq. (5.26) could be re-written 
as below:  
  ɒmax = 2.0 ඥfc      ;  for  µgood bond condition¶ ; le (5.27) 
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  ɒmax = 1.0 ඥfc      ;  IRUµother bond conditions¶ ld (5.28) 
It was suggested (Ferreira, Elliot and Hasan, 2010) to consider the bond condition 
within the column as µgood bond condition¶, and that at the beam end as µother bond 
conditions¶ $Fcordingly, Eq. (5.29c) is obtained by substituting Eq. (5.27) and Eq. 
(5.28) into Eq. (5.24) for both le and ld to obtain led eventually. 
݈e =   ቆ ׎ fy
16 ඥfc +  2׎ቇ   ൑  hc2    (5.29a) ݈d =   ቆ ׎ fy
8 ඥfc +  2׎ቇ    ൑ d െ  xII3  (5.29b)  
led =   ቆ 3 fy  ׎
16 ඥfc +  4׎ቇ (5.29c) 
Table 5.2 shows both the experimental and analytical results for the yield moment 
µ0y¶, relative beam-column rotation DW \LHOGLQJ µșy¶ and the yield secant rotational 
stiffness µ6y¶ in specimens GR1 and GR2. The same results are shown graphically in 
Figure 5.44 and Figure 5.45. As can be seen, the analytical model could characterise the 
connection behaviour for design purposes. In specimen GR2, the difference between the 
analytical yield moment and the experimental one is due to the fact that the contribution 
of the horizontal links is neglected in the model. Providing of these links works in the 
direction of guaranteeing a strong connection by additional moment capacity (refer to 
Section 1.7.3). 
Table 5.2 Comparison between experimental and analytical results 
Measurement 
Specimen GR1 Specimen GR2 
Exp. Analytical Exp. Analytical& 
My (kNm) 131.1 115.8 131.1$+3.7* 108.35 
șy (rad) 0.0044 0.0039 0.0044 0.0037 
Sy (kNm/rad) 30160 29692 29910 29284 
$: Moment due to concentrated applied load *: Calculated self-weight moment 
& The contribution of the horizontal 8H10 U-shaped links at the beam end in GR2 is not considered. 
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Figure 5.44 Analytical and experimental moment-rotation relations of specimen GR1  
 
Figure 5.45 Analytical and experimental moment-rotation relations of specimen GR2  
 
5.5 Summary and conclusion 
In this chapter, the results of three full-scale discontinuous beam-column 
connections subjected to gravity loads have been presented; the main variable in the 
specimens was the reinforcement detail of the connection. Also, a theoretical model to 
characterise the rotation-moment relation of the semi-rigid specimens (GR1 and GR2) 
has been validated against the experimental relations. Based on the experimental 
evidence obtained from this study and the theoretical model, the following conclusions 
could be drawn. 
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1- The proposed discontinuous precast concrete beam-column connection is 
capable to mobilise the full hogging moment capacity of the beam (GR1, GR2 
and GR3) with enhanced rotational stiffness (GR3). 
2- The proposed discontinuous precast concrete beam-column connection provided 
a hogging moment capacity exceeded the calculated values by between 1% and 
13%. 
3- The measured rotational stiffness was found to be between 28950 (reinforcement 
detail T1) and 106905 (reinforcement detail T3) kNm/rad, compared to a datum 
value of 34253 kNm/rad (4EI/L based on uncracked second moment of area 
II=0.0016 m4, and E=39070 N/mm2 of specimen GR3) for a fully rigid beam of 
7.3 m length (L/h = 18.25, where h is the beam depth). 
4- As a preliminary classification, specimens GR1 and GR2 are classified as semi-
rigid, and specimen GR3 is classified as rigid for the span length that they were 
designed for (L=7.3 m). 
5- Providing horizontal links at the beam ends close to the connection 
(reinforcement detail T2) ensured a controlled crack width within the transition 
zone up to 95% of the yield moment. 
6- The concentration of cracks was shifted away from the column face by 
providing additional short steel bars crossing the connection at the top of the 
beam (reinforcement detail T3).  
7- For an accurate deflection calculation for beams comprising such connections, in 
DGGLWLRQ WR WKH HODVWLFGHIOHFWLRQFDOFXODWHGE\%UDQVRQ¶VPRGHO (ACI, 2008a), 
there is a need to consider the additional deflection resulting from the relative 
beam column connection rotation. 
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8- For connection reinforcement details T1 and T2, a semi-rigid frame analysis is 
required to be performed for frames comprising such connections up to a certain 
beam span depending on the beam geometry and main steel bars. Beyond this 
limit, the connection could be dealt with as conventional cast-in-situ 
connections.  
9- Through using connection reinforcement detail T3, specimen GR3 could be 
considered equivalent to a monolithic beam-column connection in terms of 
strength, rotational stiffness and ductility under gravity loads, where the 
transition zone at the beam was shifted away from the column. 
10- In the semi-rigid frame analysis, for structural analyses, the yield secant 
rotational stiffness could be used as a conservative approach, which represents 
an average integrated characteristic for the behaviour regardless of the loading 
history.  
11- An analytical model to characterise the rotation-moment relation of the semi-
rigid precast beam-column specimens (GR1 and GR2) has been validated 
against the experimental results. The model provided good approximations for 
the yield secant rotational stiffnesses obtained experimentally. 
12- For a realistic relative beam-column rotation measurement, the measurements 
need to be taken at the compression side of the beam within a distance equal to 
half of the beam depth, and deducting the rotation resulting from the elastic 
flexure behaviour. 
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6.1 Introduction 
In this chapter, the experimental results of testing two full-scale discontinuous 
precast concrete beam-column connections subjected to sway loading (series 2 ± SW) 
are presented. The primary objective was to identify the moment-rotation characteristic 
of the connection; in particular, examining the way of mobilising the beam-end sagging 
moment through column dowels. In this respect, the capacity of the specimens was 
designed to be governed by yielding of the column dowel bars. In the experimental 
testing, a horizontal sway load was applied to the top column to simulate the pattern of 
wind loading, with reactions developing at the beam-ends and bottom end of the column 
in accordance to the inherent structural response of the frame (Figure 4.1.b).  
The geometry of the specimens, loading arrangement, and reinforcement details 
have been given in Chapter 4. The main variable in series SW was the connection 
reinforcement detail; the change required in the connection detail emerged after testing 
the 1st specimen (SW1) and observing unfavourable failure mechanism due to using the 
connection reinforcement detail T1 (Figure 4.3). The design of the 2nd connection 
reinforcement detail T3 (specimen SW2, Figure 4.4b) aimed to mobilise the beam 
sagging moment with ductile behaviour. 
The behaviour of the connection is categorised based on the load-sway relation, 
moment-relative rotation and the failure mode; in addition, supplementary 
measurements are presented including crack widths and strains in concrete and steel 
bars within the connection zone.  
CHAPTER 6 
FULL-SCALE TEST RESULTS AND DISCUSSION:  
SWAY LOADING 
CHAPTER 6 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 6-2 
 
6.2 Calculation techniques 
6.2.1 Experimental moment calculation 
The experimental beam moments (Mb1 and Mb2) were calculated at the column 
faces by multiplying the loads recorded at the beam ends by the corresponding lever 
arm (the distance from the line of action of the load to the column face). This distance 
was initially taken as 1.45 m, but in the subsequent loading stages the distance was 
adjusted to reflect the sway measured at the beam mid-height (Figure 6.1). 
Figure 6.2
 
shows the sign convention for the moments (Mb1 and Mb2), where the 
beam sagging moments are considered as positive, while beam hogging moments are 
considered as negative. Also, the figure shows the sign convention for the sway and 
rotation. 
6.2.2 Experimental relative beam-column rotation 
As mentioned in Chapter 5, there is no standard method to experimentally 
measure the relative beam-column rotations µș¶. Three methods were presented and it 
was shown that method M1 (measuring the rotation at the compression beam side) is the 
most representative one (refer to Section 5.2.2).  
However, Mahdi (1992) determined ș under sway loading through measuring 
relative vertical deflections of the beam bottom face with reference to the column. This 
means that the rotations were measured at the compression side in one beam side and at 
the tension side in the other beam side. In this approach, Mahdi (1992) assumed that the 
relative rotation at the top and bottom of the connection was equal. 
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Figure 6.1 Loading configuration and derived experimental moments in series SW 
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Figure 6.2 Sign convention used in presentation of the experimental results of series SW 
In this study, for specimens of series SW, the rotations were measured at all four 
beam-column interfaces to check for differences. This is essential due to the fact that the 
column is not one unit and there are two different mechanisms that mobilise the beam 
hogging and sagging moments at the top and bottom of the connection, respectively.  
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For instance, at the left top beam-column interface (LT), the rotation was obtained 
by dividing the deflections at location 1 by the offset distance from the column face L4. 
It is worth mentioning that the rotation along L4 resulting from bending curvature has 
not been deducted from the measured rotation șLT; this is because it represented a very 
small percentage of the total rotation (around 1%) in comparison to 13% to 23.7% in 
series GR. Therefore:  
ɅLT =  ܱܲ 1ܶ 
L4
  (6. 1) 
 
Figure 6.3 Instrumentation layout for measuring relative beam-column rotations in series SW  
6.2.3 Experimental rotational stiffness calculation 
The experimental rotational stiffness of the connection was derived at two stages: 
(i) uncracked secant stiffness µScr¶ prior to cracking moment µMcr¶; and (ii) yield secant 
rotational stiffness µSy¶ at the yield moment µMy¶ 5eferring to Figure 5.2 in the 
previous chapter, Scr =  Mcr  / șcr and Sy =  My  / șy, where șcr  and șy are the relative 
beam-column rotation prior to cracking and at the yielding of reinforcement, 
respectively. 
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6.2.4 Predicted moment capacity calculation 
The predicted cracking moment µ0cr¶ and yield moment µ0y¶ of the beam were 
calculated based on EC2 (CEN, 2004b), as shown below: 
Mcr =  
  c݂t ,fl    II
yt
 (6.2) 
My  =  As  y݂  ZII  (6.3) 
ZII  =  d െ  13  XII    (6.4) 
The above procedure was applied to estimate the moment capacity of the beam 
when subjected to hogging moment. In the current series SW, under sway loading, 
when one side of the beam is subjected to hogging moment, the other side is subjected 
to sagging moment. For calculating My at the sagging moment side, the term As fy in 
Eq.(6.3)  was required to be checked against the dowel capacity of the column bars  
(FVR =  Įo Ø 2 ඥ݂ܿ ,max ݂ݕ , Eq. 2.12 and Figure 2.19 ) (fib, 2008). If AS fy in Eq. (6.3) was 
found to be greater than FVR,, then PRPHQW FDSDFLW\ RI WKH FRQQHFWLRQ µ0yd¶ ZLOO EH
controlled by the FDSDFLW\RIFROXPQGRZHOEDUVµ)VR¶ 
Myd  =  FvR   Zd  (6.5) 
Zd  =  d െ  1
3
 xd  (6.6) 
  xd =  
2 FvR
c݂  b  
 (6.7) 
6.2.5 Predicted sway calculation 
For comparison purposes, the 1st order sway at the top column was calculated for 
a reference rigid beam-column connection with a geometry the same as that used in 
series SW. In the sway calculation, the full modulus of elasticity of concrete µ(c¶was 
used for all loading history, while for the second moment of area, two values were used: 
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(i) full uncracked II for loading stages up to the cracking moment; and (ii) 0.35 II for 
beams, and 0.75 II for columns for cracked sections (ACI, 2008a).  
6.2.6 Predicted strain calculation 
The theoretical concrete and steel strain µİ¶ in the beam was calculated using the 
elastic flexure formula in the same way as has been shown in Section 5.2.6: 
ߝ =  ܯ  ݕ ܧ ݁ܫ ݂݂  (6.8) 
6.3 Series 2 test results 
The results of the two specimens (SW1 and SW2) are presented in Table 6.1 and 
the characteristics of the materials have been presented in Chapter 4. As shown, 
specimen SW1 did not develop the predicted yield moment due to the insufficiency in 
the connection detail, while specimen SW2 exceeded the predicated moment by 15.8% 
but with a low yield secant rotational stiffness.  
Table 6.1 Summary of test results of series 2 (SW) 
Test 
Ref. 
Connection 
side 
Yield moment, My (kNm)  Rotational Stiffness
#
  
(kNm/rad) 
Calculated Experimental Ratio % Scr Sy 
SW1 Beam 1 56.3 45.0 79.9 --- --- 
SW2 
Beam 1 58.8 68.1 115.8 9052  (LB) 1278 
Beam 2 --- 78.4 ---  10743  (RT) 1610 
#    The rotational stiffnesses are those produced under opening moments (sagging moment at beam 1 in 
the case of the LB interface, and hogging moment at beam 2 in the case of the RT interface).  
 
6.3.1 Specimen SW1  
The aim of testing specimen SW1 was to verify whether the dowel action at the 
bottom of the connection would mobilise the beam sagging moment by bending the 
beam bottom bars to the top (Figure 4.2d) forming the beam top reinforcement 
CHAPTER 6 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 6-8 
 
(connection reinforcement detail T1). At this stage of the study, it was believed that the 
500 kN column load would play a role, to some extent, in developing the dowel action 
mechanism. The loading was applied in four loading cycles followed by monotonic 
loading to failure (refer to Figure 4.8). 
6.3.1.1 Strength, rotational stiffness capacity and sway of SW1 
The predicted moment capacity of the connection at the bottom of the beam was 
56.3 kNm based on the dowel action capacity of the column main bars, while the 
achieved experimental moment capacity was 45.0 kNm.  
The sway of the top column (location A) and of the beam mid-height (location B) 
are shown in Figure 6.4, and the relative beam-FROXPQURWDWLRQµș¶DWWKH/%LQWHUIDFHLV
shown Figure 6.5. As shown, during the cyclic reversed loading stages, the connection 
showed a stable behaviour. However, in the monotonic loading stage, there was a 
limited increase in the beam moment (32 to 45 kNm) beyond the cracking moment. The 
behaviour was accompanied by a large sway, large relative beam-column rotation and 
concentration of cracks within the column-beam interface. This shows that there was no 
development of the dowel action mechanism, suggesting that the current connection 
detail T1 was not successful in mobilising the beam-end sagging moment. 
Between 32 kNm and 45 kNm beam moments, the increase in the moment was 
due to two mechanisms: (i) intact bond between the beam bottom bars and concrete as a 
result of bending these bars to the top to form the beam side bars; and (ii) the friction 
between connection components. Beyond 45 kNm beam moment, despite losing the 
bond with the concrete, the beam bottom steel bars were able to withstand some 
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moments due the anchorage with the beam top bars, which was the reason for not 
having a brittle failure.  
For a detailed examination of what happened at the left bottom beam-column 
interface (LB), Figure 6.5 presents µș¶ at this location for both the entire loading history 
and the initial two reversed load cycles. From the graph, it is clear that the connection 
exhibited a large initial rotational stiffness before the occurrence of cracks; afterwards, 
in the repeated loading cycles, the active stiffness was lower but remained stationary. In 
the monotonic loading stage, at 30 kN sway load (45 kNm beam 1 moment), an abrupt 
increase occurred in șfollowed by a decrease in the beam moment.  
Regarding the different behaviour mechanisms at the LB interface under sagging 
moment (opening moment, resulting dowel action mechanism) and hogging moment 
(closing moment), Figure 6.5b shows that ș under the opening moment was almost 
twice as ș under the opening moment, indicating a very significant difference in the 
response.` 
 
 
Figure 6.4 Applied column sway load vs. sway at locations A and B in specimen SW1  
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a) The whole loading history   
 
 
b) Enlargement of cyclic loading stage  
Figure 6.5 Beam 1 moment vs. relative beam-column rotation in specimen SW1 
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6.3.1.2 Crack pattern and failure mode of SW1 
Figure 6.6 shows the crack distribution in specimen SW1 at the end of the 1st and 
2nd load cycles and at failure. In the 1st load cycle, the cracks initiated simultaneously at 
the vertical interface between the grout and the beam within the connection, and in the 
beam at the column face at a beam moment equal to 32 kNm. In the 2nd load cycle, 
similar cracks happened at the opposite beam sides. These cracks remained without 
propagation in the 3rd and 4th load cycles. 
In the monotonic loading stage, there was no further crack propagation under the 
monotonic load up to the cracking moment. After that, there was very limited crack 
propagation in the beam between 32 kNm to 45 kNm beam moment. Afterwards, the 
cracks started to concentrate at the beam-column interface, at the LB beam-column 
interface. The concentration of cracks remained at that location with a continuous 
increase in the crack width.  
As stated above, in specimen SW1, there was a concentration of cracks at the 
column face with very limited cracks along the beam length due to the insufficient bond 
of the beam bottom bars. From this, it is clear that the column bars did not develop the 
dowel action required to mobilise beam-end sagging moments. In this trend, to modify 
the behaviour and to develop the full dowel action capacity of the column bars, 
connection detail T3 was designed to be examined in specimen SW2, as will be 
presented in the next section.  
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a) Crack distribution at different loading stages 
 
 
b) Failure mode c) Left-bottom beam-column 
interface status at failure 
Figure 6.6 Crack propagation and failure mode in specimen SW1 
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6.3.2 Specimen SW2  
The design of specimen SW2 aimed to prevent the failure type that occurred in 
specimen SW1, by implementing the connection reinforcement detail type T3 (Figure 
4.4b). This was done by: (i) bending the beam bottom bars in a horizontal plane around 
the column bars; (ii) providing horizontal links at the beam-ends to confine the region, 
and (iii) using additional links around the column dowel bars at the bottom of the 
connection (Figure 4.4b). The column sway load was applied in four loading stages 
(Figure 4.8b), as listed below. 
(i) Stage 1: two cycles including applying column sway load to the left  
(ii) Stage 2: four cycles including applying column sway load to the right  
(iii) Stage 3: four cycles including applying column sway load to the left  
(iv) Stage 4: applying monotonic column sway load to failure. 
Each cycle included applying column sway load up to 50% of the predicted 
connection capacity in mobilising the beam-end sagging moment. 
6.3.2.1 Strength, rotational stiffness capacity and sway of SW2 
The moment reported in Table 6.1 is beam 1 moment µMb1¶ measured at the 
column face, where the dowel action mechanism was active in the 4th loading stage. The 
achieved moment capacity at beam 1 µMb1¶ was 68.1 kNm, in comparison with a 
predicted 58.8 kNm moment. The additional capacity is attributed to the additional 1H8 
link around column dowel bars at the bottom of the connection (Figure 4.4b); however, 
this capacity was accompanied by large crack widths (1.7 mm to 3.5 mm), suggesting 
that the predicted sagging moment capacity of the connection (58.8 kNm) gives a 
reasonable estimation for the sagging moment capacity of the connection in the practice.  
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In beam 1, at location LB, the maximum crack width was 0.3 mm in the 1st, 2nd 
and 3rd cyclic loading stages, which increased to 3.5 mm at the yielding stage of the 
column dowel bars. At this stage, the test was stopped due to limitations in test 
configuration, which rose from losing the verticality in the way of applying the sway 
load against the top column and from 100 mm maximum beam sway allowed by the test 
rig. The main intentions from testing specimens SW2 were: 
(i) developing full dowel action in the column bars; 
(ii)  producing a satisfactory distribution of cracks. 
These aims were achieved when the connection behaviour reached the plateau in 
the measured sway, rotation and strains; therefore, at the yielding stage and due to the 
above-mentioned limitations, the test was stopped.  
The sway measured at the top column (location A) and at the mid-height of beam 
(location B) is shown in Figure 6.7. As could be noticed, the sway at location A was 
almost twice the sway at location B, indicating the occurrence of almost the same sway 
mechanism at the bottom and top sides of the beam-column connection in spite of 
having two different moment transmitting mechanisms. At sway load of 60.7 kN (68.1 
kNm beam moment), the load-sway relation reached a plateau demonstrating the 
yielding of the column bars that were transmitting the beam sagging moment through 
the dowel action mechanism. This will be shown in detail in Section 6.3.2.3, where the 
column steel strains are reported. 
To compare specimen SW2 with a parent rigid cruciform, Figure 6.7 shows the 1st 
order sway calculated at location A for both cases. The comparison shows that the sway 
in specimen SW2 is higher than the parent rigid one by 328%; this sway would produce 
significant 2nd order moments in the columns.  
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In the 4th loading stage, the largest relative beam-FROXPQURWDWLRQµș¶ occurred at 
the left-bottom beam-column interface (LB) as it was under opening sagging moment 
without having direct continuity in the beam bottom reinforcement (Figure 6.8a). For 
this reason, the rotational stiffness at this location will be used to characterise the 
connection response for both sagging and hogging beam moment under sway loads in 
Chapter 8. To support this selection, by comparing the M-șUHODWLRn at locations LB and 
RT, it is clear that there was no significant difference in the measured rotations up to the 
yielding of the column dowel bars.  
However, after yielding, the larger increase in șoccurred at location LB, where 
the yielding in the column dowel bars happened. The yield secant rotational stiffness at 
beam 1¶V side µSy1¶, which was under an opening sagging moment at yielding, was 
found to be 1278 kNm/rad (68.1 kNm / 0.0533 rad). At beam 2¶V side, which was under 
an opening hogging moment at yielding, Sy2 was found to be 1610 kNm/rad (78.4 kNm / 
0.0487 rad). In spite of the higher rotational stiffness at beam 2 (26% higher than Sy1), it 
will be shown in Section 6.4 that this difference has no significant effect on the 
response. The assessment of the effects of Sy1=1278 kNm/rad on frame responses under 
sway loads will be carried out in Chapter 8.  
For a detailed examination of the connection rotational stiffness at the cyclic 
loading stages, Figure 6.8b shows the M-șUHODWLRQRIbeam 1 at LB interface at those 
stages. In the 1st loading cycle in the 1st loading stage, the connection showed a large 
rotational stiffness prior to the occurrence of cracks. In the following loading cycles 
within the same loading stage, the connection showed a stable but lower rotational 
stiffness as the cracking stiffness was active and the applied load did not exceed those 
applied in the first load cycle.  
CHAPTER 6 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 6-16 
 
 
a) The whole loading stages (locations A & B) 
 
b) Enlargement of the early loading stage (location A) 
Figure 6.7 Applied column sway load vs. sway at locations A and B 
in specimen SW2  
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a) The whole loading stages (at all four beam-column interfaces) 
 
b) Enlargement of 1st, 2nd and 3rd loading stages at LB interface 
Figure 6.8 Beam moment vs. relative beam-column rotation in specimen SW2 
6.3.2.2 Crack pattern and failure mode of SW2 
The crack patterns at the end of the 1st, 2nd and 4th loading stages are shown in 
Figure 6.9. In the 1st loading stage (Figure 6.9a), the first cracks appeared at the column 
faces at 22 kN sway load (Mb1 = 25 kNm), followed by cracks within the connection at 
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the vertical interface between the grout and the beam with a propagation of cracks along 
the beam length. In the same way, in the 2nd loading stage (Figure 6.9b), the first cracks 
initiated at the column faces at 18 kN sway load (Mb1 = 25 kNm) with a very similar 
crack propagation but at the opposite beam sides. At the end of loading stages 1 and 2, 
the maximum applied cyclic load produced 50% of the predicted sagging moment 
capacity of the connection. At the end of this loading stage, the maximum crack width 
was 0.3 mm at location D2 (Figure 6.11a and Figure 6.12), at which the dowel action 
mechanism was active. From a serviceability point of view, this moment level would 
determine the service limit state for the connection under sway loads, meaning that it is 
recommended to keep the sagging moment within the 50% of the predicted capacity at 
the service loading stage.  
In the 3rd loading stage, four load cycles were applied without occurrence of any 
further cracks. At the 4th loading stage, where the load was applied to failure, the cracks 
propagated along the beam length towards the beam reactions without cracks in the 
column apart from those occurred within the connection (Figure 6.9c). This situation 
continued up to 52 kN sway load (Mb1 = 58 kNm), which corresponds to 97 kNm 
column moment (Mc1), where the first cracks occurred simultaneously in the top and 
bottom columns followed by further cracks during the subsequent loading. This 
confirms the contribution of the column axial loads in delaying the occurrence of cracks 
in the column. 
The largest cracks occurred at the column faces (locations D1 and D2) and at the 
middle of the connection (location D3) as shown in Figure 6.11, which shows the sizes 
and locations of these cracks at failure. To trace the crack development, Figure 6.12 
shows the crack width at locations D1 and D2 versus beam moment. As shown, the 
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crack width at location D2 was always higher than that at location D1. This is because 
there was no direct continuity in the beam bottom reinforcement at location D2.  
Figure 6.11c might give misleading information about the location of failure; 
however, by cutting the connection at location A-A (see Figure 6.11a and Figure 6.11e), 
it is obvious that the failure was due to yielding of the column bars, where the cracks 
turned around the dowel bars.  
The exploration of the crack path within the connection in specimen SW2 
demonstrates the capability of the connection reinforcement type T3 in developing the 
full dowel action capacity of the column bars and spreading the cracks along the beam 
length before reaching the column. This behaviour is essential in prevention of brittle 
failure under sway loads and ensures a robustness of the connection. However, this 
behaviour was accompanied by low rotational stiffness and large crack widths. 
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a) End of loading stage 1  
 
b) End of loading stage 2 
Figure 6.9 Crack propagation in specimen SW2 at the end of loading stages 
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c) At failure (end of load stage 4) 
Figure 6.9 (Cont.) Crack propagation in specimen SW2 at the end of the loading stages 
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a) Detail locations b) Location D1 prior to stopping the test 
 
c) Location D2 prior to stopping the test d) Location D3 prior to stopping the test 
 
e) Section A-A  
Figure 6.11 Crack width and path within connection in specimen SW2 
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Figure 6.12 Crack width vs. beam moment in specimen SW2 
6.3.2.3 Steel bar strains of SW2 
In the investigated beam-column connection, the key behaviour under sway loads 
is the dowel action mechanism of the column bars in mobilising the beam sagging 
moment. To trace this behaviour, the strains were recorded in the column bars at the 
bottom of the connection, and at the additional column link. 
Figure 6.13 shows the internal forces distribution in the connection under sway 
loads; the inclined lines indicate the possible shear cracks orientation within the 
connection under different load directions. The forces at the bottom of the beam are 
those responsible in developing the dowel action mechanism in the column bars.  
Figure 6.14a shows the strain recorded in the column bars at the LB interface 
(locations A1 and A2), which experienced an opening rotation in the 4th loading stage. 
The graph reveals that these bars reached the yielding that caused the connection failure, 
as is obvious from the plateau phase in the graph. This confirms the capability of the 
new connection reinforcement detail (T3) in developing the full dowel strength. 
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For a detailed investigation of the dowel bars¶ behaviour at location A1, Figure 
6.14b provides the strain variation in the bar at the early loading stages. At the 1st 
loading stage (opening rotation at LB), there was only a minor change in the column bar 
strain up to the occurrence of the first cracks (point A in Figure 6.14b). Afterwards, a 
significant change happened in the strain towards being positive (tension). This reveals 
that the dowel bars started mobilising the beam bottom forces after the occurrence of the 
first cracks. 
In the 2nd loading stage (closing rotation at LB), the dowel bar at location A1 was 
mobilising beam bottom compressive forces, which were pushing the dowel bar into the 
connection. The axial steel strain at location A1 continued to increase in compression 
up to the initiation of the crack at the other side (beam 2). After that point (point B in 
Figure 6.14b), the strain changed its trend and started to increase towards the positive 
direction (less compression). That behaviour is attributed to losing the counteraction 
effect from the other side beam (beam 2) to balance the compressive forces. In the 3rd 
loading stage, there was a stable behaviour, as the cracked concrete section was active.  
For the column bars at location A3 (Figure 6.15), a similar behaviour was 
observed at the early loading stages. In the 3rd and 4th loading stage, in spite of presence 
of compressive forces at the bottom of beam 2, tensile strains happened at location A3. 
This indicates that Beam 1 did not provide the support required to prevent the 
occurrence of the dowel action at location A3.  
In the new connection reinforcement detail T3 in specimen SW2, additional links 
were provided at the bottom of the connection around the column bars to work as an 
additional bridge in transmitting the dowel forces in the column bars and preventing 
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splitting cracks within the lower column. Figure 6.16 shows that these links contributed 
in mobilising the dowel forces in the column bars but without reaching the yielding.  
Figure 6.8a, Figure 6.11b and Figure 6.12 showed that, in spite of having a direct 
continuity in the beam top steel bars, there was a large crack opening at RT interface 
with a large relative beam-column rotation close to that observed at LB interface. To 
investigate what happened there, the strains recorded in the beam top continuity steel 
bars are reported in Figure 6.17. The maximum strain occurred at location B (beam 2, at 
the column face) as predicted, but unexpectedly it reached the yield strain there. This 
explains the large crack width and the large relative beam-column observed at RT 
interface (Figure 6.11b).  
 
Figure 6.13 Internal forces at the connection under sway loads 
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a) The whole loading stages (locations A1 and A2) 
 
b) Enlargement of the early loading stages (location A1) 
Figure 6.14 Dowel bar strain at locations A1 and A2 vs. beam 1 moment in specimen SW2 
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Figure 6.15 Dowel bar strain at location A3 vs. beam 2 moment in specimen SW2 
Figure 6.16 Additional link strain at location A4 vs. beam 1 moment in specimen SW2 
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Figure 6.17 Top beam steel bar strain variation across the connection 
 in 4th loading stage (specimen SW2) 
6.3.2.4 Column axial strain distribution of SW2 
Under sway loads, the axial strain distribution in the column is affected by 
moments induced at both the beam and column in addition to the strain resulted from 
column axial load. As shown in Figure 6.18, the experimental strain distribution 
matches the internal force distribution at the connection (Figure 6.13). After the 
yielding of the left side column dowel bars, the axial strain in the bottom column 
increased significantly, indicating an increase in the stress concentration at the middle 
of the bottom column due to the extension of cracks into LB interface (Figure 6.11c).  
The results presented in Figure 6.18b reveal that the bottom column experienced a 
high axial stress due to the opening sagging moment at the LB interface without having 
direct continuity in the beam bottom reinforcement.   
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a) Top column  
 
b) Bottom column 
Figure 6.18 Axial column strain distribution in 4th loading stage (specimen SW2)  
6.4 Preliminary connection evaluation 
The test results of series SW showed that the modified connection reinforcement 
detail (type T3) used in specimen SW2 was successful in developing the full dowel 
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however, it could not prevent the crack concentration at the column face, which resulted 
in a low rotational stiffness. The crack width ranged from 0.3 at 50% of the ultimate 
moment capacity to 3.5 mm at failure. These observations suggest that the beam-
column connection investigated in the current study cannot be used in unbraced frames 
when the permanent hogging moments generated from dead loads are surpassed by the 
temporary sagging moments generated from temporary wind loads.  
To evaluate the rotational stiffness obtained from specimen SW2, the fixity factor 
of a single beam of varied span length is calculated (Figure 6.19) using 0RQIRUWRQ¶V
formula (1963) (refer to Section 2.7). The calculations were based on two values for EcI 
for the beam: (i) full EcI value; and (ii) 0.35 EcI, as suggested by the ACI-code (ACI, 
2008a) for beams in frames subjected to sway loads. Referring to the case of using 0.35 
EcI for the beam, based on the EC3 (2005b) classification system, it is apparent that the 
connection is classified as pinned connection: 
(i) for spans less than 7.8 m in case of using the yield secant rotational stiffness (Sy 
= 1278 kNm/rad) obtained at the left-bottom (LB) interface under sagging 
moment; 
(ii) for spans less than 6.7 m in case of using the secant rotational stiffness (1610 
kNm/rad) obtained at the right-top (RT) interface under sagging moment.  
The dimensions of the connection specimens (SW1 and SW2) were based on the 
analysis of a frame with beam span lengths of 7.3 m (Appendix A); therefore, the 
member sizes used in the specimens are only relevant to spans in this range. 
Accordingly, it is suggested that the beam-column connection tested in the current study 
behaves as a pinned connection under sway loading. This statement will be evaluated in 
detail in Chapter 8 using Sy equal to 1278 kNm/rad.  
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Figure 6.19 Classification of specimen SW2 
 
6.5 Summary and conclusion 
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SW1 and SW2) subjected to sway loads have been presented in this chapter. The main 
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A) Using the original connection reinforcement detail (type T1): 
1) The connection was neither capable of mobilising the beam sagging moment 
nor capable of developing the dowel action mechanism in the column dowel 
bars under sway loads. 
2) The connection showed a poor behaviour mechanism with only a few cracks 
developing in the beam before the crack concentration at the column face. 
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3) These results showed that not bending the beam bottom bars horizontally 
around the column dowel bars was the reason for this behaviour.  
B) Using the modified connection reinforcement detail (type T3): 
1) The reinforcement detail was capable of mobilising the beam sagging 
moment and achieving the full dowel action capacity of the column bars 
under sway loads. This was achieved by bending the beam bottom bars 
horizontally around the column dowel bars. 
2) The connection showed adequate crack propagation in the beam and the 
column prior to failure. 
3) In spite of the crack propagation, the maximum crack widths remained at the 
column faces with a crack width of 3.5 mm at the LB interface and 2.5 mm at 
the RT interface. 
4) The failure happened through yielding of the column bars under the dowel 
action mechanism at the LB interface. 
5) The connection exhibited a low rotational stiffness under sway loads, which 
was found to be between 1278 kNm/rad (dowel action mechanism at the 
bottom of the connection) and 1610 kNm/rad (hogging bending mechanism at 
the top of the connection). 
6) The connection is classified as pinned.  
7) The proposed discontinuous precast concrete beam-column connection 
provided a sagging moment capacity exceeded the calculated values by 
15.8%. 
8) The sway measured at the top column was 378% higher than a parent rigid 
beam-column connection.  
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7.1 Introduction 
This chapter presents the finite element modelling of the semi-rigid behaviour of 
the discontinuous beam-column connections tested under gravity loads using the 
ANSYS-V11 FE analysis software package (2004). This is to provide a numerical 
model that can be used to investigate the effects of further parameters on the behaviour 
of the connection. First, the FE model was calibrated against the results of a monolithic 
beam-column connection tested experimentally by Ferreira (1999). Then, it was used to 
simulate the behaviour of the semi-rigid behaviour of specimens GR1 and GR2 tested 
experimentally in the current study.  
The chapter presents the element types used in the FE model, material 
constitutive models, failure criteria, loading and boundary conditions, and non-linear 
analysis procedures and convergence criteria followed by the presentation and 
discussion of the FE modelling results. In this chapter, only the details relevant to the 
present analysis are presented; for further details about the basic concepts of the finite 
element technique, the reader could refer to a wide variety of analysis textbooks.  
7.2 Finite element model  
7.2.1 Concrete and grout 
A 3D isoparametric, eight-node solid brick element (Solid65) was used to model 
the concrete and grout (Figure 7.1a), which has three degrees of freedom at each node; 
translations in the nodal X, Y and Z directions. For isoparametric elements, the same 
interpolation function (shape function) is used to define element shape coordinates (X, 
Y and Z) and to approximate the nodal displacements (u, v and w).  
CHAPTER 7 
FINITE ELEMENT MODELLING 
CHAPTER 7 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 7-2 
 
X =  σ Ni8i=1 ሺr, s, tሻ Xi  ;    Y = σ Niሺr, s, tሻ 8i=1  Yi  ;  Z = σ Niሺr, s, tሻ 8i=1  Zi               (7.1) 
u =  σ Niሺr, s, tሻ8i=1   ui  ;    v = σ Niሺr, s, tሻ8i=1  vi  ;  w = σ Niሺr, s, tሻ8i=1  wi              (7.2) 
N1 =  
1
8
 ሺ1 െ rሻሺ1 െ sሻሺ 1 െ tሻ;   N2 =  1
8
 ሺ1 െ rሻሺ1 + sሻሺ 1 െ tሻ; N3 = 1
8
 ሺ1 െ rሻሺ1 + sሻሺ 1 + tሻ 
N4 =  
1
8
 ሺ1 െ rሻሺ1 െ sሻሺ 1 + tሻ;   N5 =  1
8
 ሺ1 + rሻሺ1 െ sሻሺ 1 െ tሻ; N6 = 1
8
 ሺ1 + rሻሺ1 + sሻሺ 1 െ tሻ 
N7 =  
1
8
 ሺ1 + rሻሺ1 + sሻሺ 1 + tሻ;   N8 =  1
8
 ሺ1 + rሻሺ1 െ sሻሺ 1 + tሻ (7.3) 
in which X, Y and Z are the global coordinates, r, s and t are the local 
coordinates (natural coordinates), and u, v and w are the displacement in r, s and t 
directions, respectively. The stress and strains are calculated and evaluated at 2 x 2 x 2 
Gaussian integration points within each element. Based on the stress/strain level at these 
integration points, the cracking and crushing of concrete and grout are checked based on 
failure criteria, which will be presented in Section 7.3.1. 
 
Figure 7.1 ANSYS elements used in FE modelling (ANSYS, 2004) 
7.2.2 Steel 
The reinforcement steel bars were modelled by using discrete bars for all types 
of reinforcements to reflect the effect of having many individual reinforcing bars. 3D 
spar element type (Link8) was used (Figure 7.1b), which has two nodes with three 
degrees of freedom: translations in the nodal X, Y and Z directions. This element is also 
capable of plastic deformation. The interpolation function is shown below. 
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u =  σ Ni2i=1 ሺrሻ  ui  ;    v = σ Ni2i=1 ሺrሻ vi  ;  w = σ Ni2i=1 ሺrሻ wi                                               (7.4) 
N7 =  
1
2
 ሺ1 െ rሻ;   N2 =   1
2
 ሺ1 + rሻ                                                                                          (7.5) 
The reinforcement elements (Link8) are connected to the concrete element mesh 
nodes, meaning that the concrete and reinforcement mesh share the same nodes through 
shared nodes. 
7.2.3 Contact  
The interactions between the meshed entities were done in three ways: (i) perfect 
bond between steel bars and concrete/grout (Barbosa and Ribeiro, 1998; Kachlakev and 
Miller, 2001; Mahmood, 2007; Santhakumar et al, 2007); (ii) perfect bond between the 
grout and concrete in the beam trough; and (iii) using contact elements to represent the 
contact status between the grout and the adjoining elements (beam and columns) within 
the connection in specimens GR1 and GR2 (Figure 7.2). The dowel bars that are 
passing through the conduct sleeves within the column and beam were assumed to have 
perfect bond with the surrounding concrete.  
 
Figure 7.2 Location of contact elements in specimens GR1 and GR2 
To model the contact condition between the grout and concrete, a contact 
element is associated with a target element (Figure 7.1c); these elements are located on 
the surface of 3D solids and have the same geometric characteristics as the solid 
elements. The target element represents a geometric entity in space that senses and 
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responds to contact elements moving into it. The contact element was a 3D 4-node 
quadrilateral contact element CONTA173, while the target element was a 3D 4-node 
quadrilateral contact element TARGE170. The 2 x 2 integration points (Gauss points) 
are the locations where the contact status is detected.  
Many different algorithms have been developed to approach contact problems 
including penalty method, Lagrange multiplier method, and augmented Lagrangian 
methods. In the current FE model, the penalty contact algorithm was used to simulate 
the contact status through using a contact spring with a specific stiffness (contact 
stiffness) to establish a relationship between the contact surfaces. This algorithm 
modifies the stiffness matrix by adding a large term to minimise the penetration, i.e. a 
µpenalty¶ is imposed. The penalty contact algorithm requires both normal and tangent 
stiffness for the contact, which were taken to be equal to the stiffness of the underlying 
elements. The contact element has the below contact traction vector. 
൥ܲ݊߬ݔ߬ݖ ൩                                                      (7.6) 
Pn =  ൜0                if  Un > 0Kn Un          if  Un < 0ൠ  (7.7) 
where Pn is the normal contact pressure, Kn is the contact normal stiffness, Un is 
the normal contact gap size, and Ĳx and ĲY are the contact stress in the x and y directions, 
respectively. 
To simulate the contact behaviour in the beam-column connection, the contact 
surfaces between the concrete and the grout in the FE model were taken to be normal 
stress-free when there is a gap, and to transfer compressive stresses when there is a 
contact (Eq. (7.7)). The shear stresses are transferred in two forms based on whether the 
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contact surfaces are sticking or sliding (Eq.(7.8)). The model simulates the contact 
status between the concrete and grout within the precast concrete beam-column 
connection investigated in the current research. Based on the Coulomb friction model 
(ANSYS, 2004), the contact surfaces are considered as sticking as long as the 
HTXLYDOHQWVKHDUVWUHVVµĲeqv¶is less than a limited shear stress µĲlim¶ ( 
Figure 7.3b). When Ĳeqv exceeds Ĳlim, the contact and target surfaces will slide 
relative to each other and the contact status is considered to be sliding. The 
sticking/sliding calculations determine when a point transitions from sticking to sliding 
and vice versa. 
ɒx =  ቊKsUx                  if  ɒeqv <  ɒlim    ሺStickingሻρ K
n
Un               if  ɒeqv =  ɒlim    ሺSlidingሻ  ቋ ɒeqv =  ඥɒx2 +  ɒz2   ;   ɒlim =  ρ  Pn (7.8) 
where Ks is the tangential contact stiffness, Ux is the contact slip distance in the 
x direction, and ȝ is the frictional coefficient.  
 
 
 
 
 
Figure 7.3 Friction and normal stress model across contact zones 
According to the PCI design hand book (PCI, 2004) the coefficient of friction 
between concrete and concrete in the absence of test data could be taken as 0.8, while 
Pn 
| Ĳ | 
ȝ 
Ĳlim 
Un 
Pn 
Kn 
a) Normal stress transfer 
Gap 
Contact 
b) Maximum shear stress capacity in sticking status 
c)  
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ACI (2008a) recommended the use of 1 as the coefficient of friction in the case of 
precast concrete is placed against previously hardened concrete when the interface is 
roughened to a full amplitude of approximately 6.4 mm. As no coefficient of friction 
between concrete and grout was found within the available literature, and because the 
concrete contact surfaces had a rough surface, the coefficient of friction between 
concrete and grout was taken to be 0.8 in the current study. 
7.3 Material constitutive models  
The correctness of the FE model of the reinforced concrete relies on the correct 
modelling of the stress-strain relationship of the materials (concrete and steel 
reinforcement), simulation of concrete cracks, and the proposed failure criteria. In order 
to simulate the experimental structural behaviour, the actual values of material 
parameters were used in the FE modelling instead of the design values.  
7.3.1 Concrete and grout 
The concrete and grout are quasi-brittle materials with different behaviour in 
compression and tension. The material constitutive model presented in this section is for 
concrete which is also valid for the grout considering its material properties. The 
concrete before cracking is assumed as linear isotropic material with the stress-strain 
matrix [Dc] (stiffness matrix) of concrete being defined in Eqs. (7.9) and (7.10), in 
which {ı} is the stress vector, {İ} is the strain vector, Ec is the modulus of elasticity of 
concrete, and Ȟ LVWKH3RLVVRQ¶VUDWLRRIFRQFUHWHZKLFKLVWDNHQWREHHTXDOWR 
{ɐ} = ሾ ܦܿሿ  {ɂ}  
{ɐ}T = {ɐx    ɐy    ɐz    ɒxy   ɒxz    ɒyz   }  
{ɂ}T =  {ɂx    ɂy     ɂz     ߛݔݕ   ߛݔݖ   ߛݕݖ} (7.9) 
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ሾܦܥሿ =  ܧܿ
(1 + ߥ)(1 െ 2ߥ) 
 (1-Ȟ) Ȟ Ȟ 0 0 0  
(7.10) 
 Ȟ (1-Ȟ) Ȟ 0 0 0  
 Ȟ Ȟ (1-Ȟ) 0 0 0  
 0 0 0 (1 െ 2ߥ)
2
 
0 0  
 0 0 0 0 (1 െ 2ߥ)
2
 
0  
 0 0 0 0 0 (1 െ 2ߥ)
2
 
 
Eq. (7.10) is assumed to be valid before development of crack in tension, and up 
to 30% of the maximum strength in compression (Figure 7.4). Beyond that, the stiffness 
matrix is modified to simulate the presence of the cracks in concrete.  
In tension, the concrete is modelled to behave linearly up to a limiting tensile 
strength (Figure 7.4), which was taken to be equal to the flexural tensile strength (fct,fl). 
A crack occurs when the principal tensile stress in any direction exceeds this limit and 
no tensile stress is transmitted across the crack in the subsequent load steps, where the 
concrete behaves as an orthotropic material. The crack is assumed to initiate at element 
integration points, in a plane normal to the principal stress direction, and the elastic 
modulus in the direction parallel to the principal stress is set to zero for the following 
load steps, without strain softening.  
In order to prevent distorted crack patterns for the post-cracking loading stages 
and for a more representing FE model, retaining shear stiffness is used across the 
cracking plane. The VKHDU WUDQVIHUFRHIILFLHQW µȕ¶UHSUHVHQWV WKHFRQGLWLRQRI WKHFUDFN
face and the re-WHQVLRQRIWKHVKHDUVWLIIQHVVLQFUDFNHGFRQFUHWHȕYDOXHof 0 represents 
a smooth crack (no shear transfer), and 1.0 represents a rough crack face (full shear 
transfer). ,QWKHFXUUHQWVWXG\ȕZDVWDNHQDVȕt) for open cracks, and as 0.7 ȕc) for 
FORVHG FUDFNV 7KH YDOXH RI ȕt used in previous studies varied between 0.2 and 0.3 
(Mahmood, 2007; Wolanski, 2004). It was found that when ȕt dropped below 0.2, 
convergence problems occurred (Kachlakev and Miller, 2001). 
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In the case of cracking in one direction, without tensile stress relaxation, the 
stiffness matrix of concrete with respect to principal stress directions with x axis 
perpendicular to the crack face is given in Eq. (7.11).  
ሾܦܿሿ =  ܧ 
(1 + ߥ) 
 0 0 0 0 0 0  
(7.11) 
 0 1
(1 െ ߥ) ߥ(1 െ ߥ) 0 0 0  
 0 
ߥ
(1 െ ߥ) 1(1 െ ߥ) 0 0 0  
 0 0 0 ߚݐ
2
 
0 0  
 0 0 0 0 1
2
 
0  
 0 0 0 0 0 ߚݐ
2
 
 
When the crack closes, the compressive stresses normal to the crack plan are 
WUDQVPLWWHGDQG WKHVKHDU WUDQVIHUFRHIILFLHQWDWFRPSUHVVLYH ȕc) is used, as shown in 
Eq. (7.12). 
ሾܦݏሿ =  ܧܿ
(1 + ߥ)(1 െ 2ߥ) 
 (1-Ȟ) Ȟ Ȟ 0 0 0  
(7.12) 
 Ȟ (1-Ȟ) Ȟ 0 0 0  
 Ȟ Ȟ (1-Ȟ) 0 0 0  
 0 0 0 ߚܿ (1 െ 2ߥ)
2
 
0 0  
 0 0 0 0 (1 െ 2ߥ)
2
 
0  
 0 0 0 0 0 ߚܿ (1 െ 2ߥ)
2
 
 
When the cracking is in two directions, [Dc] is expressed as given by Eq. (7.13), 
and when the cracks reclose in both directions, [Dc] is expressed also by Eq. (7.12). 
ሾܦܿሿ =     ܧ 
 0 0 0 0 0 0  
(7.13) 
 0 0 0 0 0 0  
 0 0 1 0 0 0  
 0 0 0 ߚݐ
2(1 + ߥ) 0 0  
 0 0 0 0 ߚݐ
2(1 + ߥ) 0  
 0 0 0 0 0 ߚݐ
2(1 + ߥ)  
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7.3.1.1 Compression stress-strain relation for concrete 
To simulate the non-linear elasticity of concrete under compression, multi-linear 
isotropic stress-strain curve for concrete under compression, Eqs. (7.14) to (7.17) were 
used, which were originally proposed by Desayi (1964) and were used by many 
researchers (Ibrahim and Huda, 2009; Mahmood, 2007; Santhakumar et al, 2007). 
  f = Ec İ                      ; for               f  fc (7.14) 
 f  = Ec  Ԗ
1+ ቀ ԖԖco ቁ                  ; for        0.3 fc <  f  fc (7.15) 
  f = fc                             ; for                      İ!İco   (7.16) 
  Ԗco = 2  c݂  Ec                        (7.17) 
where f LVVWUHVVDWDQ\VWUDLQµİ¶DQGİco
 
is the strain at the ultimate compressive 
VWUHQJWK µfc¶, which was taken to be equal to the cylinder compressive strength. The 
simplified stress-strain curve used for concrete was constructed by connecting eight 
points with straight lines (Figure 7.4). From zero stress up to 0.3 fc (point 1), the relation 
is taken as linear (Eq. (7.14)), while points 2 to 8 were constructed using Eq. (7.15). 
After point 8, the concrete is assumed to behave as perfectly plastic.  
 
Figure 7.4 Stress-strain curve for concrete 
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7.3.1.2 Failure surface model for concrete 
The cracking and crushing of the concrete are determined from the stress and 
strain evaluation at the integration points based on a failure surface for unconfined 
concrete under a multiaxial stress state (William and Warnke, 1975), as below. 
݂ܿܨ
 ± 6 (7.18) 
where: 
F: function of the principal stress in x, y and z direction (ıxp, ıyp and ızp) 
fc: uniaxial compressive strength (taken to be equal to the cylinder compressive 
strength) 
F : failure surface defined by terms of ıxp, ıyp and ızp and the strength properties of 
concrete including the uniaxial compressive strength (fc) and the tensile strength 
(taken to be equal to the flexural tensile strength, fct,fl). 
For a state of stress that is biaxial or nearly biaxial, three failure surfaces are 
shown as a projection on the plane of the most significant non-zero principal stress in x 
and y directions (ıxp and ıyp). As shown in Figure 7.5, the failure mode is a function of 
the sign of principal stress in z direction (ızp) in the compression-compression zone. 
This gives two possibilities to the failure modes: (i) crushing or cracking in the case of 
ı]S > 0; (ii) crushing in the case of ızp  0.  
 
Figure 7.5 3D failure surfaces in biaxial or nearly biaxial state of stress 
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7.3.2 Steel reinforcement 
In the finite element model, the steel reinforcement behaviour was taken as 
elastic-perfectly plastic material, and identical in both tension and compression (Figure 
7.6). This model requires the yield stress µfy¶, modulus of elasticity µ(s¶. The 
reinforcement was assumed to be perfectly connected to the surrounding concrete 
(Barbosa and Ribeiro, 1998; Hasan, 1994; Ibrahim and Huda, 2009; Mahmood, 2007).  
 
Figure 7.6 Stress-strain curves for steel reinforcement 
The stiffness matrix [Ds] of the steel bar element (link8) is given in Eq. (7.19), in 
which, A is the element cross sectional area, Es is the modulus of elasticity of steel, and 
L is the element length. 
ሾܦݏሿ =  ܣ ܧݏܮ  
 1 0 0 -1 0 0  
(7.19) 
 0 0 0 0 0 0  
 0 0 0 0 0 0  
 -1 0 0 1 0 0  
 0 0 0 0 0 0  
 0 0 0 0 0 0  
 
  
CHAPTER 7 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 7-12 
 
7.4 Finite element discretisation  
The FE modelling included three beam-column connections. The first one is a 
monolithic beam-column connection tested by Ferreira (1999), which is shown in 
Figure 7.7. The other two specimens are the two precast concrete beam-column 
specimens GR1 and GR2 (Figure 4.1a, Figure 4.3, and Figure 4.5), which have been 
investigated experimentally in the current study. 
To obtain the mesh, first the corners of the concrete macro-elements and the 
ends of the steel bars were defined and, by using them as reference points, 3D blocks (to 
represent concrete and grout) and 1D lines (to represent steel bars) were constructed. 
These blocks and lines were automatically meshed in such a way as to ensure that the 
concrete, grout and steel bar nodes coincide with each other. The FE mesh details of the 
three specimens modelled in the current study are shown in Figures 7.8 to 7.10. 
The size of the element used in the FE modelling are shown in Figure 7.11, 
while the total number of elements, number of elements of each type, and the total 
number of nodes are listed in Table 7.1. One element size was used in specimen M1 
(Figure 7.11a), while for the two precast concrete specimens (GR1 and GR2) had 
different element sizes at the connection zone due to the existence grout layers (Figure 
7.11b).  
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Figure 7.7 Geometry of beam-column specimen (M1) tested by Ferreira (1999) 
 
Figure 7.8 Finite element mesh of specimen M1 
(some of Solid65 elements are removed to illustrate the reinforcement details) 
X
Y
Z
Applied load 
Concrete, Solid65 
50 x 50 mm 
Steel, Link8 
Support  
 Uy =0, UZ =0 
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c) Column load 
 
a) General (some of Solid65 elements are removed to illustrate the 
reinforcement details) 
d) supports 
 
 
 
e ) Reinforcement mesh f) Contact element locations 
 
Figure 7.9 Finite element mesh of specimen GR1 
X
Y
Z
GR1-yyyy                                                                        
ELEMENTS
U
F
X
Y
Z
GR1-yyyy                                                                        
ELEMENTS
b) Beam load 
Applied load 
Concrete, Solid65       
Steel, Link8 
Support  
 Ux =0 
Support  
 Ux, Uy =0 
Applied load 
Applied load 
Contact  
elements 
1H20 
1H20 
2H20 
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a) General (some of Solid65 elements are removed to illustrate the reinforcement details) 
 
 
b) Beam load c) Column load 
 
 
d) Lower column support e) Contact element location 
 
f) Reinforcement mesh 
Figure 7.10 Finite element mesh of specimen GR2 
X
Y
Z
X
Y
Z
Concrete, Solid65 
Steel, Link8 
Applied load 
Applied load 
Support  
 Ux, Uy, Uz=0 
Contact  
elements 
1H16 
2H20 
1H16 
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Figure 7.11 Element sizes in the FE mesh of specimens M1, GR1 and GR2 
 
Table 7.1 FE mesh details of specimens M1, GR1 and GR2 
Test 
Number of elements Number of 
Nodes TOTAL SOLID65 LINK8 TARGE170 CONTA173 
M1 3891 2688 1203 ------ ------ 3915 
GR1 9315 6768 2019 264 264 11574 
GR2 6571 4500 1543 264 264 7794 
CHAPTER 7 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 7-17 
 
7.5 Boundary conditions and loading 
The loads in the experiments were applied through two sizes of steel plates: (i) a 
size equal to the column cross-section in the case of column axial load (all specimens), 
and (ii) 150 x 150 mm steel plate in the case of beam loads (specimens GR1 and GR2). 
In the FE model, the loads were applied to the model through nodes within an area 
smaller than the area of the plates, where no loads were applied through the nodes at the 
edges of the steel plates. No steel plates were provided in the FE model, as no stress 
concentration problems occurred. 
Regarding the boundary conditions, in the FE model of specimen M1, a single 
line support (preventing the vertical movement) was used at each of the steel plate 
centrelines (Figure 7.8). In the other two specimens (GR1 and GR2), the whole lower 
column end was prevented from vertical movement and horizontal movement (pinned); 
in addition, in specimen GR1, two single line supports (Ux = 0) were provided at two 
sides of the lower column (Figure 7.9d) 
7.6 Non-linear solution procedure 
The non-linear analysis of reinforced concrete is based on the Newton-Raphson 
solution procedure, where the total load of the finite element model is applied in a series 
of load increments (Fi, F1+1, ... Fn), as shown in Figure 7.12. For each load increment, 
the equilibrium is satisfied through an iteration procedure; the stiffness matrix for the 
first iteration is adjusted based on the stress level in the previous load increments; then, 
the stiffness matrix is updated in every iteration. The iteration procedure continues until 
the convergence criteria are satisfied. The converged solution (within a load increment) 
is considered to be in equilibrium within some tolerance µTC¶.  
CHAPTER 7 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 7-18 
 
The convergence criteria used in this study was based on the force using SRSS 
norm, which is the µ6quare Root of the Sum of the Square values of the terms¶. The 
default tolerance in ANSYS is 0.005 for force checking. However, it was found that the 
convergence for non-linear behaviour of reinforced concrete solution models was 
difficult to obtain using the default limits (Kachlakev and Miller, 2001; Perera, 2005; 
Zhang, 2004). Therefore, it was suggested to increase the tolerance limit to a maximum 
of five times the default tolerance limits, which was used also in this study.  
 
 
 
 
Figure 7.12 Newton-Raphson non-linear solution procedure 
At each load increment (Figure 7.13), after the first iteration, the out-of-balance 
force vector Fo is calculated based on the difference between the restoring force vector 
µ)r¶ and the applied force vector µ)a¶. Fr is calculated based on the element stresses. In 
the next iteration, Fo is applied and a linear analysis is performed using the latest 
stiffness matrix, and the convergence criterion is checked again. If the convergence 
criterion is satisfied compared to a specified tolerance, the solution will go to the next 
load increment; otherwise, a new Fo is calculated and applied again. The convergence is 
reached when Eq. (7.20) is satisfied (ANSYS, 2004). 
ඥσሺFoሻ2     <  Tc  σAbs (Fa)                     (7.20) 
Displacement, u  
Fi 
Fi+1 
Fi+2 
Ui Ui+1 Ui+2 
Load, F 
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In the current study, the iteration limit was set to be 100 per load sub-step, and 
the load steps ranged between 5 to 0.5 kN. The failure was assumed to happen when the 
iteration limit was reached at the lowest load step (0.25 kN) before the equilibrium 
tolerance was satisfied.  
 
 
 
 
Figure 7.13 Convergence checking for force within load increment 
7.7 FE modelling results 
7.7.1 Monolithic beam-column specimen 
As the beam-column connection investigated in the current study contains many 
discontinuity interfaces that do not exist in monolithic connections, it was necessary to 
validate the FE model against a monolithic connection first. For this purpose, the 
monolithic cruciform specimen tested experimentally by Ferreira (1999) was modelled.  
The results showed that the FE model agrees well with experimental results with 
respect to the deflection LQ WKH HODVWLF UDQJH DQG WKH \LHOGLQJ PRPHQW FDSDFLW\ µ0y¶
(Figure 7.14). The numerical value of My is only 2.2 % higher than the experimental 
one, and the numerical deflection at 325 kN load (the experimental My) is 12.6% less 
than the experimental one. The difference in the deflection is attributed to the assumed 
perfect bond between concrete and reinforcement, which led to the overall stiffness in 
the FE model being higher than the actual beam stiffness. Considering the above results, 
Displacement, u 
Load  
increment 
F a
 
F 0
 =  F a ± F r 
F r
 
Load, F 
CHAPTER 7 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 7-20 
 
it could be stated that the 50 x 50 x 50 mm element size is adequate for modelling 
beam-column connection under flexure bending.  
 
Figure 7.14 Load vs. deflection in specimen M1 (experimental results and FE results)  
7.7.2 Precast beam-column specimens  
Based on the preliminary FE modelling, a 50 mm element size was chosen to be 
used as the maximum element size in the meshing of the precast specimens (GR1 and 
GR2). The FE modelling (FE model 1) results compared with the experimental results 
are presented in this section for specimen GR2, while for specimen GR1, the comparison 
could be found in Appendix G.  
7.7.2.1 Specimen GR2  
The comparison includes deflections, beam-column relative rotations, concrete 
and steel bar strains, and the crack patterns, as shown in Figures 7.15 to 7.20. The 
comparison shows a good agreement in the early loading stage; however, there is a 
discrepancy prior to yielding and the FE model failed to predict the behaviour at the 
yielding stage and the ultimate load, as could be seen in Table 7.2. In the elastic region, 
the FE model anticipated well the locations of the first cracks (Figure 7.19) and the 
crack pattern at yielding stage (Figure 7.20). Further results of the specimen with 
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respect to the contact status between the grout and concrete, contact stresses, sliding and 
gap distances within the connection are presented in Section 7.8.2.3. 
Table 7.2 FE modelling results of specimens GR1 and GR2 
Specimen 
Ultimate moment, Mu (kNm) 
Experimental* FE model Ratio (%) 
GR1 138.25 188.7 136.5 
GR2 152.35 195.7 128.5 
* The experimental moments are the average of beam 1 and beam 2 sides 
 
Figure 7.15 Load vs. deflection in specimen GR2  
(experimental results and FE model 1 results) 
 
Figure 7.16 Beam moment vs. relative beam-column rotation in specimen GR2 
(experimental results and FE model 1 results) 
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Figure 7.17 Beam moment vs. concrete strain in specimen GR2  
(experimental results and FE model 1 results) 
 
Figure 7.18 Beam moment vs. steel strain in specimen GR2 
(experimental results and FE model 1 results) 
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a) Numerical (FE model 1) at 25 kN beam load 
 
b) Experimental  
Figure 7.19 Comparison of early crack pattern in specimen GR2 
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7.7.2.2 Discussion of results 
The FE model 1 could not anticipate the behaviour close to the yielding moment 
and could not predict the failure mode and consequently the ultimate moment capacity 
of the beam (specimens GR1 and GR2). To investigate the weakness of the model, it is 
essential to identify the influential features of the connection that might not have been 
modelled accurately, which are listed below. 
a) The bent-ends of the 2H20 side bars at the top of the beam (specimen 
GR1, Figure 7.21) were very close to the corrugated sleeves, which were 
wrapped with plastic tapes to prevent any leakage of concrete to the 
sleeves during construction of the beam. Also, the perimeters of the 
sleeves themselves are potential locations for cracks. These two features 
weaken the bond of the bent bars at this region, and therefore it is 
believed that the internal part of the 2H20 is not contributing to either the 
beam stiffness or the ultimate moment capacity of the beam.  
b) The interface between the perimeters of the corrugated sleeves and the 
concrete at the beam-ends (specimens GR1 and GR2, Figure 7.21) are 
potential locations for cracks and weaknesses in the connection at the 
yielding stage. These interfaces are necessary to be modelled using 
horizontal springs with stiffnesses simulating the behaviour. 
c) The end of the non-continuous 2H16 side bars at the top of the beam 
(specimen GR2, Figure 7.21); this feature is similar to point i with one 
difference being that the cut end is overlapped with the L-shaped H10 
steel bars. This aspect is believed to have the same effects as point i. 
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Due to the lack of calculation models for the above components, within the 
available sources, they were not incorporated in the FE model 1. To investigate the 
effects of point c, the 2H16 side bars in specimen GR2 were modelled in a new FE 
model (called FE model 2) assuming that they are continuous up the column face only 
and they have no overlapped length with the L-shaped H10 steel bars (Figure 7.22). 
The comparison of the FE model 2 with the original model (FE model 1) is 
shown in Figure 7.23 considering the deflection. It is obvious that ignoring the internal 
parts of the 2H16 side bars adjusted the numerical behaviour to be closer to the actual 
behaviour and resulted in a lower yield point (point P1 in Figure 7.23) in the continuous 
2H20 steel bars; however, it did not capture the behaviour after the first yielding. 
According to the experimental observations, after point P1, the weakness at the 
interfaces between the corrugated sleeves and the surrounding concrete at the beam-
ends (point b in Figure 7.21) controlled the behaviour and forced the failure to happen 
there without a significant increase in the moment capacity.  
To examine the behaviour of the beam-column connection modelled in the FE 
model 2, the stress in the steel bars is shown in Figure 7.24 at three different loading 
stages. These stages are: (P1) yielding of the continuous 2H20 top bar (Figure 7.24a); 
(P2) yielding of the 1st layer of the U-shaped links (Figure 7.24b); and (P3) yielding of 
the 2nd layer of the U-shaped links (Figure 7.24c). These three loading stages are shown 
graphically on the load-deflection curve in Figure 7.23. 
Figure 7.24 reveals that after point P1 there was an increase in the stress in both 
the U-shaped horizontal beam links and the top column steel links (Figure 7.24b and 
7.22c). This indicates that there was a bridge for transferring tensile stresses between 
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the U-shaped links and the top column links in the FE model, which did not happen 
experimentally as explained above.  
From the above discussion, it could be stated that the current FE modelling 
could not capture the correct behaviour at the first yield point and therefore it does not 
offer the facility required to determine the ultimate moment capacity of the connection. 
However, the FE model provided valuable facts regarding the critical components in the 
connection that need to be incorporated in the FE model. 
 
Figure 7.21 Critical connection components in FE modelling of specimens GR1 and GR2 
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Figure 7.22 Proposed FE model 2 for Specimen GR2 
 
 
Figure 7.23 Effect of FE model 2 on numerical beam load-deflection relation  
in specimen GR2 
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a) At 116.8 kN load (point P1: yielding of the continuous steel bars) 
 
b) At 138.8 kN load (point P2: yielding of the 1st layer of the U-shaped links) 
 
c) At 150.0 kN failure load (point P3: yielding of the 2nd layer of the U-shaped links) 
Figure 7.24 Steel bar stresses in FE model 2 of specimen GR2 
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7.7.2.3 Contact elements  
The results of the FE model 1 with respect to the contact elements in specimen 
GR2 are presented in this section for a comprehensive investigation of the joint status 
within the connection. The contact element characteristics reported in Figure 7.25 are 
those recorded at the 116.8 kN beam load (refer to Figure 7.15). The locations of the 
contact elements within the connection are shown in Figure 7.2. 
As shown in Figure 7.25a to Figure 7.25c, there were gaps between the grout 
and concrete at places where normal tension stresses exist. The maximum gap size was 
0.235 mm occurring in the vertical joint between the vertical grout and beam-ends at 
300 mm beam height. Regarding the sliding, the maximum value happened at the right 
and left edges of the top contact elements between the top column and beam, with a 
maximum value of 0.323 mm. 
The maximum normal and friction stresses occurred at the right and left edges of 
bottom contact between the bottom column and beam, with 17.0 N/mm2 as maximum 
normal stress and 7.8 N/mm2 as maximum friction stress. Assuming a uniform stress 
distribution, the theoretical normal stress at this beam load level (116.8 kN) is 
8.2 N/mm2. It is worth mentioning that the author conducted a complementary FE test 
(FE model 3) to investigate the effect of removing the contact elements in the FE model 
1 and assuming a full contact instead. The effect was very noticeable, as could be seen 
in Figure 7.26. For instance, by using the contact elements, there was an increase in the 
deflection at 116.8 kN beam load by 10% in comparison to the rigid FE model. Overall, 
the use of the contact elements helped the FE model to move towards the correct 
behaviour.  
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a) Deflected shape of the connection 
(deflections, sliding and gap distances are 
enlarged 40 times) 
b) Contact status at the interfaces between the 
concrete and grout layers within the 
connection 
 
 
 
 
 
 
c) Contact gap distance d) Contact sliding distance 
  
 
 
 
 
e) Contact normal stress f) Contact friction stress 
Figure 7.25 Contact element characteristics in specimen GR2 at 116.8 kN beam load 
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Figure 7.26 Comparison of FE model 1 with FE model 3  
7.8 Summary and conclusion 
In this chapter, the discontinuous precast concrete beam-column specimens 
tested under gravity loads in the current study were modelled using FE analysis to 
replicate the experimental results. The FE modelling included only the specimens that 
showed semi-rigid behaviour (GR1 and GR2). Based on the results obtained from the 
FE modelling, the following conclusions can be drawn. 
1) The use of contact elements between the concrete and grout within the 
connection adjusted the FE model behaviour towards matching the experimental 
results.  
2) The FE model was able to predict the behaviour in most of the elastic region.  
3) The FE model was able to predict the location of the first cracks, and the crack 
pattern at the experimental yielding load level.  
4) The FE model was not able to predict the failure modes and consequently the 
ultimate load capacity. The is due to the lack of available calculation models to 
help in providing springs at interface between the external perimeter of the 
corrugated sleeves and the surrounding concrete within the connection.  
0
20
40
60
80
100
120
140
160
180
0 5 10 15 20 25
B
ea
m
 
a
pp
lie
d l
o
a
d (
 
kN
)
Beam deflection (mm)
Beam 1 (Exp.)
Beam 2 (Exp.)
FE model 1
FE model 3
CHAPTER 8  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 8-1 
 
8.1 Introduction 
The key parameter in the response of beam-column connections is the rotational 
stiffness µ6y¶, which characterises the flexibility of the connection and affects the 
moment distribution as well as the sway drift in framed structures. To quantify such 
effects, the experimental Sy values obtained from the current study have been used in 
semi-rigid analyses of framed structures under gravity and sway loadings. Under gravity 
loading, the effects of Sy of specimens GR1 and GR2 on the moment distribution were 
examined for beam span lengths from 1 to 16 m, two beam loading patterns, and two 
relative beam¶V(, WRFROXPQ¶V(,. Under sway loading, the effects of Sy of specimen 
SW on the moment distribution and sway deflections were investigated for beam span 
lengths from 1 to 16 m. 
The results of the semi-rigid analyses have been used to examine the applicability 
of using the so-called single span beam approach in classifying connections (refer to 
Section 5.3.4.3) considering the three variables mentioned above under gravity loading. 
In addition, this chapter presents the design considerations for implementing the precast 
concrete beam-column connection investigated in the current study in practice under 
gravity and sway loadings. 
8.2 Semi-rigid frame analysis 
The flexibility of the beam-column connections is incorporated in semi-rigid 
frame analyses by assigning rotational springs with no physical dimension to the 
member-ends. These springs have rotational stiffnesses that would affect the stiffness 
matrix of individual members, and consequently the global stiffness matrix of the 
CHAPTER 8 
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frame. To incorporate connection rotational flexibilities into a computer-based semi-
rigid frame analysis, three methods were used: 
i) semi-rigid frame analysis using the ANSYS software package (2004) by 
assigning rotational springs at the beam-ends;  
ii) Visual Basic program (prepared by the researcher) using correction matrices, 
which reflects the connection flexibility of the connections, to modify the 
conventional stiffness matrices of rigid-end members;  
iii) simplified semi-rigid analysis using the conventional rigid analysis by assigning 
small stubs at the beam-ends with weakened stiffnesses (EI) reflecting the 
rotational stiffness of the connections. 
The results of the semi-rigid analysis shown in this chapter have been obtained 
using the first method (ANSYS), while the Visual Basic program has been used to 
verify the results. The simplified semi-rigid analysis has been validated against the other 
two methods as a way to provide a suitable tool for day-to-day design purposes.  
8.2.1 Conventional semi-rigid frame analysis 
The derivation of the modified elastic stiffness matrix of a member µK¶ (Eq. (8.7)) 
is based on the conjugate-beam analogy (Figure 8.1) and the introduction of a fixity 
factor for the member-ends i and j (Eq. (8.1) and Eq. (8.2)), which associate the 
connection rotational stiffness of the member ends (Syi, SYj) with the beam stiffness 
(3EI/L) and could be easily merged into a conventional frame analysis. The use of a 
fixity factor concept simplifies the semi-rigid frame analysis and introduces a 
meaningful value that shows how the connection will behave in real frames (refer to 
Section 2.7).  
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 ߛ݅ =  ൭ 1 
1+ 
3 ܧܫܵݕ݅   ܮ൱                                                                                                               (8.1) 
 ߛ݅ =  ൭ 1 
1+ 
3 ܧܫܵݕ݆   ܮ൱                                                                                                                     (8.2) 
 
Figure 8.1 Conjugate-beam analogy (Monforton and Wu, 1963)  
According to Monforton and Wu (1963), the equilibrium equations at the beam-
ends (Mi, Mj) using fixity factors (Ji, Jj) are given as below: 
ܯ݅ =  ቀ6ܧܫܮ ቁ  ൬ ߛ݅4െ ߛ݅  ߛ݆൰  ൣ2 ߠݐ݅ +  ݆ߛ  ߠݐ݆ െ ൫2 + ݆ߛ  ൯ ܻ ൧ െ  ቀ6ܣܮ2ቁ  ൬ ߛ݅4െ ߛ݅  ߛ݆൰                                                              (8.3)݆ܯ =  ቀ6ܧܫܮ ቁ  ൬ ߛ݆4െ ߛ݅  ߛ݆൰   ൣ2 ߠݐ݆ +  ߛ݅  ߠݐ݅ െ ሺ2 + ߛ݅  ሻ ܻ൧ െ  ቀ6ܣܮ2ቁ  ൬ ߛ݆4െ ߛ݅  ߛ݆൰  ሺ 2ܽ െ  ߛ݅  ܾሻ                                                                         (8.4) 
With re-arrangement of the above equations, the end-moments could be expressed as: 
Mi = ቀ6EIL2 ቁ  ൬ɀ i (2+ɀ j )4െ ɀ i  ɀ j ൰  ui + ቀ4EIL ቁ  ൬ 3 ɀ i4െ ɀ i  ɀ j൰ Ʌti െ  ቀ6EIL2 ቁ  ൬ɀ i (2+ɀ j )4െ ɀ i  ɀ j ൰  uj + ቀ2EIL ቁ  ൬ 3 ɀ iɀ j4െ ɀ i  ɀ j൰ Ʌtj                              (8.5) 
Mj =  ൬6EI
L2
൰  ቆɀj(2 + ɀi)
4 െ  ɀi  ɀj ቇ ui + ൬2EIL ൰  ቆ 3 ɀiɀj4 െ  ɀi  ɀjቇ Ʌti  െ  ൬6EIL2 ൰  ቆɀj(2 + ɀi)4 െ  ɀi  ɀj ቇ  uj + ൬4EIL ൰  ቆ 3 ɀj4 െ  ɀi  ɀjቇ Ʌtj           
                                                                                                                                              
(8.6) 
Thus, the modified elastic stiffness matrix of a member µK¶ with two semi-rigid 
end-connections with rotational stiffness of Syi and Syj is given as by Eq. (8.7):  
ۉۈ
ۈۈۇ
ܨݔ݅ܨݕ݅ܯ݅ܨݔ݆ܨݕ݆ܯ݆یۋۋ
ۋۊ
 = 
ۉۈ
ۈۈۈۈ
ۈۈۇ
ܧܣܮ 0 0
0 ࢉ૚  12 ܧܫܮ3 ࢉ૛ 6 ܧܫܮ2
0 ࢉ૛ 6 ܧܫܮ2 ࢉ૜ 4 ܧܫܮ  െܧܣ
  ܮ 0 0
0 ࢉ૚ െ12 ܧܫܮ3 ࢉ૛ െ6 ܧܫܮ2
0 ࢉ૝ 6 ܧܫܮ2 ࢉ૞ 2 ܧܫܮ     
  
െ ܧܣܮ 0 0
0 ࢉ૚ െ12 ܧܫܮ3 ࢉ૝ 6 ܧܫܮ2
0 ࢉ૛ െ 6 ܧܫܮ2 ࢉ૞ 2 ܧܫܮ  
 ܧܣܮ 0 0
0 ࢉ૚ 12 ܧܫܮ3 ࢉ૝ െ 6 ܧܫܮ2
0 ࢉ૝ െ6 ܧܫܮ2 ࢉ૟ 4 ܧܫܮ     یۋ
ۋۋۋۋ
ۋۋۊ
 .  
ۉۈ
ۈۈۇ
ܷݔܷ݅ݕ݅ߠݐܷ݅ݔ݆ܷݕ݆ߠݐ݆ یۋۋ
ۋۊ
            (8.7) 
CHAPTER 8  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 8-4 
 
 c1 =   
ɀi + ɀj + ɀi  ɀj
4 െ  ɀi  ɀj   ;   c2 =   ɀi( 2 +  ɀj )4 െ  ɀi  ɀj   ;   c3 =    3 ɀi4 െ  ɀi  ɀj (8.8) 
 c4 =   
ɀj( 2 +  ɀi )
4 െ  ɀi  ɀj   ;   c5 =   3  ɀi  ɀj 4 െ  ɀi  ɀj   ;   c6 =    3 ɀj4 െ  ɀi  ɀj (8.9) 
8.2.2 Semi-rigid frame analysis using ANSYS 
In ANSYS  (2004), linear semi-rigid analysis is conducted by assigning rotational 
springs, representing the connection rotational stiffness, at the beam-ends. A two-node 
beam element, Beam3, was used to model the beams and columns, and a 1D linear 
spring damper, Combin14, was used to model the rotational springs (Figure 8.2). The 
BEAM3 element is a uniaxial element with three degrees of freedom: translations in the 
X and Y directions and rotation about the Z-axis. An ANSYS code has been written to 
analyse building frames for any geometry or loading (gravity loads, lateral loads, nodal 
loads, surface loads); they have either rigid connections or semi-rigid connections. 
 
Figure 8.2 ANSYS element types used to model semi-rigid behaviour in frame analyses 
8.2.3 Simplified semi-rigid frame analysis  
The simplified semi-rigid analysis approach is conducted using conventional rigid 
frame analysis (Staad Pro software, for example) with locating short stubs of length Lsi 
and stiffness EIsi as calculated in Eq. (8.10) (Huber et al, 1998). The stub stiffness EIsi 
reflects the rotational stiffness Syi of the connection, which could be obtained either 
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experimentally or analytically. In the derivation of EIsi (Figure 8.3), the bending 
moment is assumed to be constant along the stub (Huber et al, 1998); therefore, it was 
advised to use short length stubs to minimise the deviation to the actual behaviour. 
  ܧܫݏ݅ = ܵݕ݅     ܮݏ݅  (8.10) 
In the available literature, there is no clear indication with respect to the stub 
length effect. For this reason, a complementary work was conducted to calibrate the 
stub length, as presented in Appendix H. In this respect, three different stub lengths 
(Lsi) were examined, starting from the less convenient one for handling in analysis 
(10 mm) to the most convenient one (1000 mm). The simplified method was calibrated 
for both gravity and sway loadings considering both first order and second order 
analyses. The outcomes from the calibration showed that the 10 mm stub length gives 
results very close to that obtained using ANSYS or the conventional semi-rigid frame 
analysis. Under gravity loading, the maximum difference in the moments was 1.44 kNm 
for moments ranging from 0.5 to 582 kNm. Under sway loading, the maximum 
difference in the column base moments was ±1.7%, and the maximum difference in the 
sway of the right top corner was also ±1.7%.  
 
Figure 8.3 Equivalent stub concept (Huber et al, 1998) 
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8.3 Connection evaluation under gravity loads 
This section aims to assess the effects of following parameters on the moment 
distribution: (i) column size; (ii) load pattern, iii) beam-column rotational stiffness; and 
(iv) span length. The results of beams in real frames were compared with the EC3 
(CEN, 2005b) classification system. For this purpose, frame F1 was examined, which 
has beam dimensions the same as specimens of series GR, and geometry as shown in 
Figure 8.4. The frame was analysed for four cases, as shown in Table 8.1, for equal 
beam spans varying from 1 m to 16 m, using full EI for columns and 0.5 EI for beams.  
 
Figure 8.4 Geometry and loading of frame F1 
Table 8.1 Analysed cases of frame F1 
 
Case 
W1 
(kN/m ) 
W2 
(kN/m ) 
S1, S2 
(kN.m/rad) 
b, h 
(mm) 
bc, hc 
(mm) 
Notes 
F1-A 60 60 30160 (GR1) 300 x 400 300 x 600 Reference frame 
F1-B 60 60 30160 (GR1) 300 x 400 300 x 300 Normal column 
size 
F1-C 60 30 30160 (GR1) 300 x 400 300 x 300 Alternative loading pattern 
F1-D 60 30 106905 (GR3) 300 x 400 300 x 300 Higher rotational 
stiffness 
The results of the analyses are shown in Figures 8.5 to 8.8, wherein the 
normalised moments are plotted against span length. The normalised moments were 
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calculated by dividing the semi-rigid moments by moments obtained at corresponding 
locations in a parent rigid analysis. In all cases, the behaviour turned out to be classified 
as rigid, based on EC3 (CEN, 2005b) limits for braced frames, around almost the same 
span length as that determined using the single span beam approach (refer to Section 
5.3.4.3). Also, as shown, semi-rigid connections turned out to be close to rigid 
behaviour with an increase in the span length. 
As would be expected, the beams in the reference frame F1-A behaved in a very 
similar way to a single beam regarding the moments generated at the ends and mid-
spans; this is because of the stiff columns and applying equally distributed loads on all 
beam spans.  
However, the use of a smaller column size in the F1-B led to some discrepancy, 
especially at the external spans, such as locations 1 and 2 in Figure 8.6. In frame F1-C, 
in addition to the use of small columns, the alternative beam loading pattern was used, 
which led to more discrepancy. However, all the discrepancies were in favour to boost 
the semi-rigid behaviour to be closer to the rigid analysis (the rigid behaviour line in the 
figures). The only location that had a different behaviour is location 5 in frames F1-C 
and F1-D, which is the mid-span moment in a span loaded with the lower load, while 
the adjacent spans are loaded with the maximum load. This case could be disregarded 
because is not the critical case for determining the mid-span moments due to these 
reasons: 
i) under load patterns of cases F1-C and F1-D, the mid-span moments are low in 
small spans and it is surpassed by the minimum reinforcement requirement;  
ii) the design moment at location 5 will be governed by another load case (W1=30 
kN/m and W2=60 kN/m). 
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From the above discussion, it became clear that using the single span beam 
approach (refer to Section 5.3.4.3) to classify a semi-rigid connection is a conservative 
approach. This is because the semi-rigid behaviour moves further towards the rigid 
behaviour in the frame analysis in comparison to a single beam analysis. This is because 
of the flexibility of the columns in real frames, especially at external spans, which 
decrease the moments generated at beam-ends even in rigid analysis.  
 
Figure 8.5 Normalised moment vs. span length variation in frame F1-A 
 
Figure 8.6 Normalised moment vs. span length variation in frame F1-B 
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Figure 8.7 Normalised moment vs. span length variation in frame F1-C 
 
Figure 8.8 Normalised moment vs. span length variation in frame F1-D 
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1) First order rigid analysis (reference frame 1) assuming full rigid beam-column 
connections. 
2) Same as 1, but with second order analysis (reference frame 2).  
3) First order semi-rigid analysis using the experimental yield secant rotational 
stiffness µ6y¶ obtained from testing specimen SW2 (1278 kNm/rad). For this 
purpose, springs were assigned only at the beam-ends. 
4) Same as 3, but with second order analysis.  
As seen in Figure 8.9, the moments resulting from sway loading were separated 
from those generated from gravity loading; this is because the intention was to 
investigate the resulting moments and sway in the unbraced frame due to sway loading 
only. Therefore, as column axial loads play an essential role in generating second order 
column moments, the column axial loads due to gravity loading were imposed at the 
connection joints. The results show that: 
A) Considering first order analysis and in comparison to the parent rigid frame, 
the increase in the span length in the semi-rigid frame led to: 
1- a decrease in the semi-rigid column moments (Figure 8.10);  
2- no significant effect to the semi-rigid beam moments (Figure 8.10); 
3- a decrease in the semi-rigid sway (Figure 8.12).  
B) Considering second order analysis and in comparison to the parent rigid 
frame,  the increase in the span length in the semi-rigid frame led to: 
1- a significant increase in the semi-rigid column moments (Figure 8.11); 
2- a moderate increase in the semi-rigid beam moments (Figure 8.11); 
3- a little decrease in the semi-rigid sway (Figure 8.12), followed by a sharp 
increase at larger span lengths. 
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Considering the first order analysis, the above observations shows that using the 
beam-column connection (specimen SW2) in longer spans increases the fixity factor of 
the connections and consequently increases the rigidity of the frame. Conversely, 
considering the second order analysis, using the proposed connection in longer spans 
produces very high column-base moments and sway. 
The semi-rigid column-base moments in the case of beam spans of 7.3 m (which 
is the span that the connection is designed for, see Appendix A) was found to be very 
high in comparison to a parent rigid frame. This ratio ranges from 2.03 to 2.23 in the 
case of first order analysis (Figure 8.10), and 3.20 to 3.55 in the case of second order 
analysis (Figure 8.11). 
Regarding the sway experienced at the top of the frame, by using the rotational 
stiffness obtained from specimen SW2, there was also a very significant increase in 
comparison with the parent rigid frame (Figure 8.12). For beam spans of 7.3 m, the ratio 
is 5.56 considering first order analysis, and 10.49 considering second order analysis. 
The excessive semi-rigid column moments and sways, especially under second 
order analysis, suggest that the precast concrete beam-column connection tested in the 
current study is not providing sufficient frame action behaviour. This leads to a 
conclusion that it is not advisable to use the connection configuration in resisting lateral 
loads, if the sagging moments generated from sway loading exceed the permanent dead 
load hogging moments at the beam-ends.  
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Figure 8.9 Geometry and loading of frame F2 
 
Figure 8.10 Ratio of first order semi-rigid moments in frame F2 
 
Figure 8.11 Ratio of second order semi-rigid moments in frame F2 
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Figure 8.12 Ratio of semi-rigid sway in frame F2 
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gives the compatible solution at the yielding stage. This is a straightforward and 
conservative approach, and the only criterion is to ensure that the hogging moment 
obtained from the semi-rigid frame analysis does not exceed the yield moment capacity 
of the connection. 
 For a more precise semi-rigid analysis, for moments lower than My, the rotational 
stiffness is higher than Sy due to the non-linear response of the moment-rotation 
relation. To account for this non-linearity, either the full moment-rotation relation is 
required to be used in frame analysis (using the non-linear spring element COMB39 in 
ANSYS, for example), or by specifying a more representative rotational stiffness from 
the intersection of the curve with a line called the beam-line. This stiffness could be 
used in the semi-rigid analysis either by using Eqs. (5.15) and (5.16) for single span 
beams, or used in a full semi-rigid analysis using one of the methods presented in 
Section 8.2. 
The beam-line method was presented by PCI (1988) as a way to determine the 
status of the compatible elastic strength µ0E¶ and rotation µșE¶, secant rotational 
stiffness µ6E¶ DQGWKHGXFWLOLW\LQGH[șu/șE) for beams with semi-rigid connections. To 
construct a beam-line, it is necessary to know the span length and the applied load, then 
points MF DQGșR are determined. MF represents the full fixity end-moment of the beam, 
ZKLOHșR represents the beam-end rotation under zero fixity status (see Figure 8.13). 
CHAPTER 8  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 8-15 
 
 
Figure 8.13 Experimental moment-rotation relation and the beam line concept 
for specimen GR1 
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Table 8.2 Results of beam-line analysis of specimen GR1 
Point ș (rad) M
 
(kNm) S
 
(kNm/rad) Ductility index 
E1 0.00210 97.5 46429 7.8 
E2 0.00270 108.4 40148 6.1 
Y 0.00435 131.1 30160 3.8 
 
From the above, as a non-linear nature of the moment-rotation relation, it is 
apparent that the connection rotational stiffness is starting with a very high stiffness at 
the uncracked-stage, and declining gradually to the yield secant rotational stiffness. By 
comparing points E1 and E2, it is clear that the weakening in the beam stiffness (being 
0.5 EI due to cracks) would give rise to the actual semi-rigid hogging moment. This 
demonstrates that semi-ULJLG DQDO\VLV EDVHG RQ IXOO PHPEHUV¶ (, XQGHUHVWLPDWHs the 
hogging moments. 
Many researchers defined MF as the moment of resistance of the beam (Elliot et 
al, 2003b; Gorgun, 1997) and therefore, based on that, no beam-line could be 
constructed beyond line 2 in Figure 8.13. However, it seems that the beam-line method 
could be extended to determine the ultimate load on that 7.3 m span beam by 
constructing a new beam-line 3, which is parallel to beam-line 2 and passes through 
point y.  
From line 3, a new MF2 (could be called potential moment Mpo, which is the fixed 
end moment of the member taken to have rigid ends) is determined = 166.9 kNm, and 
with back calculation, the uniformly distributed load (UDL) could be found to be 
37.6 kN/m. This 166.9 kNm moment is the potential hogging moment under 37.6 kN/m 
(UDL), if the beam-end is rigid. For specimen GR1, this 37.6 kN/m UDL produces the 
hogging moment of 131.1 kNm at the beam-end, assuming there is sufficient 
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reinforcement at the mid-span. This shows that the full hogging moment capacity at the 
beam-ends could develop if required, which will be very valuable to produce moment 
capacity after the starting of plastification in the mid-span. 
It is worth mentioning here that the beam-line method as a graphical solution tool 
could determine the compatible moment and rotation at the ends of a single beam with 
semi-rigid ends. It gives a reasonable estimation for the moment in real frames under 
gravity loads. However, as shown in Section 8.3, this statement is very sensitive to the 
span location (external or internal), loading arrangement, and relative beam-column 
stiffness; therefore, for an accurate moment calculation, a semi-rigid frame analysis is 
required. To serve in this respect and to provide a simple tool for such analyses, the 
simplified approach has been presented in Section 8.2.3.  
8.5.2 Rigid classification of connections in steel construction  
As mentioned earlier, based on EC3 (CEN, 2005b), in braced frames, a semi-rigid 
beam-column connection capable of achieving a hogging moment not less than 80% of 
that achieved in a parent rigid connection could be considered as rigid connection in 
braced frames. However, before applying this approach to concrete structures, it is 
necessary to understand the principle behind it. 
 In steel structures, the steel section is mostly kept unchanged along the member 
length; consequently, the beam will have the same moment capacity along the full span, 
meaning that in a steel beam with rigid ends there is 50% an extra moment capacity at 
the mid-span (see Figure 8.14b). 
Under gravity loads, semi-rigid connections with a fixity factor of 0.67 produce an 
end-moment (ME = WL2/16) equal to 75% of the parent moments (MF = WL2/12), and a 
semi-rigid mid-span moment µ0S¶ HTXDO to WL2/16 (Figure 8.14c, and for further 
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details regarding the equations used in the analysis, refer to Section 5.3.4.3). This 
situation would produce plastic hinges at the mid-span and at the beam-ends 
simultaneously, which is not an ideal structural condition, as it is advised to have a 
sequence of plasticisations in the structure.  
On the other hand, the fixity factor 0.73, which is proposed by EC3 as a minimum 
limit to treat a connection as a rigid in braced frames, would produce an end-moment 
(ME=WL2/15) equal to 80% of the parent rigid moments, and a semi-rigid mid-span 
moment (Ms=WL2/17.2) equal to 140% of the parent rigid moment (WL2/24) (see 
Figure 8.14d). This situation would ensure locating the first plastic hinge at the 
supports, with clear plastic behaviour until the occurrence of the second plastic hinge at 
the mid-span. Therefore, it iVWKHDXWKRU¶VEHOLHf that choosing 0.73 fixity factor by EC3 
as the limit for considering a connection as rigid in steel frames under gravity loads 
works in this direction. 
It should be mentioned here that EC3 classifies connections based on the 
rotational stiffness µ6¶, as multiples of EI/I. To consider a connection as rigid under 
gravity loads, S should be not less than 8EI/L. In the above discussion this term has 
been transformed to the fixity factor concept, which gives a better quantification for the 
behaviour as the values of the fixity factor range between 0 and 1. This aspect has been 
presented in detail in Chapter 2. 
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Figure 8.14 Semi-rigid moments achieved in a single span beam with 
fixity factors of 0.67 and 0.73  
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8.5.3 Rigid classification of connections in concrete construction  
8.5.3.1 Moment redistribution 
As a principle, from the point of view of the ultimate strength, the actual moment 
values that separate beam sections can sustain are not important as long as the 
summation of the moment capacities at the mid-span and support is capable of carrying 
WKHµIUHH¶PRPHQW*ODQYLOOHDQG7KRPDV In this trend, the beam-end hogging 
moments are reduced while the mid-span sagging moment is increased in order to make 
a balance in the reinforcement quantities. However, it is also permitted to reduce the 
mid-span moment and re-distribute it to the beam-ends within specific limits as long as 
the static equilibrium is maintained after redistribution (ACI, 2008a).  
The codes of practice allow for moment redistribution as recognition of the 
inelastic behaviour in continuous flexural members (statically-indeterminate systems) 
resulting from large deformations. However, in spite of the fact that this recognition is 
proposed for the ultimate strength state, it has been shown that the redistribution of 
moments has an elastic component below the yield-point (Mattock, 1959; Scott and 
Whittle, 2005). This elastic component is attributed to the variation in the EI along the 
member due to variations in the reinforcement layout and the influence of cracking in 
contrast to the assumed constant EI in the conventional elastic analysis (Scott and 
Whittle, 2005).  
The maximum permissible PRPHQWUHGXFWLRQµ5m¶LQEC2 (CEN, 2004b) is 30% 
using steel reinforcement of class B or C, which corresponds to įm=0.7 (the ratio of the 
moment after redistribution to the elastic bending moment). For steel of class A, Rm is 
20%. Using EC2 limitations, Fillo (2011) concluded that the maximum value of Rm, 
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using steel class B or C, could be guaranteed within the following maximum steel 
reinforcement ratios µȡ¶ (Figure 8.15). 
i) )RUFRQFUHWHVWUHQJWKFODVVC50/60  
ȡ1.2% in case of considering only the tension reinforcement µ$S1¶ 
ȡ3.1% in case of considering both the AS1 and compression reinforcement 
µ$S2¶, and taking AS2=0.5AS1. 
ii) For concrete strength class C80/90  
ȡ0.9% in case of considering only AS1 
ȡ1.3% in case of considering both the AS1 and AS2, and taking AS2=0.5AS1. 
 
Figure 8.15 Permissible moment redistribution versus reinforcement ratio                      
for steel class 500B according to EC2 (Fillo, 2011).                                       
(In this graph, į refers to the įPXVHGLQWKHFXUUHQWUHVHDrch) 
8.5.3.2 General considerations 
The classification approach mentioned in Section 8.5.2 (considering connections 
as rigid when the fixity factor is  0.73) could be applied directly to precast concrete 
beam-column connections in the case of keeping the beam section and reinforcement 
without change along the whole member length. Accordingly, a straightforward rigid 
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analysis could be performed for connections with fixity factor µȖ¶ greater or equal to 
0.73 (80% end-moment restraint) by designing all the beam sections for the maximum 
moment obtained along the member length. However, the use of this approach in beams 
with sections of different reinforcement, which is the case in the vast majority of 
concrete beams, needs to be taken with a caution and a different design approach needs 
to be considered.  
The above-mentioned 80% end-moment restraint matches well the 30% maximum 
permissible Rm in EC2 (CEN, 2004b) using steel reinforcement of class B or C. This 
achievement of end moments is accompanied by a 140% mid-span moment as a ratio of 
the parent rigid mid-span moment (Figure 8.16). This means, if we accept the outcomes 
of the rigid analysis for connections with Ȗ equal to 0.73, there is already 28% moment 
redistribution (Rm=0.28) from the mid-span to the supports. This ratio comes from the 
difference between the rigid mid-span moment (WL2/24) and the real semi-rigid mid-
span moment (WL2/17.2), meaning that įm is equal to (WL2/24) / (WL2/17.2) = 0.72, 
and Rm = 1- 0.72 = 0.28. Based on that, in order to consider a connection with Ȗ equal 
to 0.73 as rigid, the moment redistribution required from the mid-VSDQWRVXSSRUWVµ5Pr¶ 
is less than 0.28 as shown in Figure 8.17. 
 
Figure 8.16 Mid-span moment redistribution demand for semi-rigid connections with Ȗ=0.73 
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For connections with higher values of ȖRmr is lower, as shown in Figure 8.17. 
The relation between Ȗ and Rmr is given in Eq. (8.11c), which is derived from the 
relation between semi-rigid mid-span moment µ0S¶ and the rigid mid-span moment (MF 
= WL2/24), as presented in Eq. (8.11a). In Figure 8.17, tKHȖ±Rmr relation is dividing 
the region for Ȗ  0.73 into two zones: (i) rigid zone, when the available moment 
redistribution µ5Pa¶ is higher than the Rmr; and (ii) semi-rigid, when Rma is lower than 
Rmr. The available moment redistribution (Rma) depends on the beam section properties 
including As, fy and fc (refer to Appendix I) 
ܯܵ = ݓ ܮ2
24
 .  
2 ሺ3 െ 1.5 ߛሻ
2 +  ߛ  (8.11a) ߜ݉ݎ = 12 (3 െ 1.5 ߛ)
2 +  ߛ   (8.11b) ܴ݉ݎ = 1 െ  ߜ݉ݎ = 1 െ  12 (3 െ 1.5 ߛ)
2 +  ߛ  (8.11c) 
 
Figure 8.17 Concrete beam-column connection classification zones for Ȗ not less than 0.73 
As shown in Figure 8.17 IRUȖHTXDOWR the value of Rmr is 0.28, which is 
less than the maximum permissible moment reduction (Rm = 0.3). Therefore, to 
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beam sections needs to be kept lower than certain values, as has been shown in the 
previous section. For higher steel reinforcement ratios, as the Rma will be lower; 
WKHUHIRUHWKHYDOXHRIȖVKRXOGEHKLJKHUWKDQWRFRQsider a connection as rigid. In 
the next section, the application of this proposed approach will be applied to the 
specimens tested under gravity loads within series GR. 
It should be stated that the above-mentioned considerations for the semi-rigid 
behaviour in concrete beam-column connections is based on the simplified linear 
moment-rotation relation (Sy) presented in Figure 8.13. If the full non-linear behaviour 
of concrete is considered in the frame analysis, the concrete beam-column connection 
will behave in a way closer to the rigid behaviour at the early loading stages in 
comparison with the behaviour at the yielding stage. The implications of using the full 
non-linear beam-column rotation result in a lesser beam deflection (in comparison to 
that calculated using Sy at the same early loading stage) and a larger beam-end 
moment/mid-span moment ratio under service loads in comparison with the case of 
using the linear moment-rotation relation. This feature has been also mentioned in 
Section 8.5.1 within the introduction to the semi-rigid behaviour. 
8.5.3.3 Specimens of series GR 
Using the rotational stiffness obtained from specimens GR1 and GR3, the 
required PRPHQWUHGLVWULEXWLRQµ5Pr¶ was calculated for two beam spans: (i) a reference 
beam span of 4.8 m, which is equal to 12h (h: beam total depth), and (ii) the span length 
(7.3 m) of the prototype frame (Appendix A). The calculations for Rma and Rmr are 
presented in Appendix I, and the outcomes are tabulated in Table 8.3.  
Points P1 to P4 in Figure 8.17 represent the four study cases in Table 8.3. From 
the projection of these points, it is clear that specimen GR1 is classified as semi-rigid in 
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both span cases, while specimen GR3 is classified as rigid in both span lengths. This 
would mean that, if we accept the rigid frame analysis for a connection of type GR3 in a 
4.8 m span (point P3), there is already 18% moment redistribution assumed to happen 
from the mid-span to the support (Figure 8.18). 
Table 8.3 Moment redistribution evaluation in specimens GR1 and GR2 
Sp
ec
im
en
 
Po
in
t i
n
 
Fi
gu
re
 
8.
17
 
L/h Ȗ 
Achieved moment 
(semi-rigid/rigid) įmr 
 
Rmr 
 
Rma 
 End-span Mid-span 
GR1 
P1 12.00 0.63 0.71 1.57   1/1.57=0.64 0.36  0.3 
P2 18.25 0.72 0.79  1.42 1/1.42=0.71 0.29  0.3 
GR3 
P3 12.00 0.85 0.89  1.22 1/1.22=0.82  0.18 0.3 
P4 18.25 0.89  0.93 1.15 1/1.15=0.87  0.13 0.3 
 
Figure 8.18 Rmr of specimen GR3 in 4.8 m beam span (L/h=12) 
Based on the above discussion, it could be stated that, in precast concrete 
construction, to classify a beam-column connection as rigid under gravity loading, the 
below steps should be followed. 
1) The fixity factor should be greater than or equal to 0.73. 
2) Perform a rigid-analysis to design the beam mid-spans and end-spans. 
3) Calculate the available moment distribution µ5Pa¶ from the mid-span towards 
end-spans. 
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4) Project the FDOFXODWHGYDOXHVRIȖDQG5ma in Figure 8.17.  
5) If the projection is within the shaded area, the assumption of performing the 
rigid analysis was valid; otherwise, the connection should be dealt with as semi-
rigid.  
In addition to the above, to ensure the strong connection concept in the connection 
type investigated in this study, the below points should be taken into consideration. 
1- Providing additional short steel bars at the top of the beam-end within the 
connection, of length equal to column width µKc¶SOXV 2 times the beam depth µK¶ 
(hc+2h) and area equal to that required based on a rigid analysis. 
2- Using horizontal U-shaped beam links with spacing not greater than 100 mm 
within the connection zone, starting from the column face to a distance equal to 
the beam depth. 
8.6 Design considerations under sway loads 
As shown in Chapter 6, the behaviour of the beam-column connection 
configuration investigated under sway loads has been improved, by using the 
reinforcement connection of type T3, in the areas of: 
i) developing the full dowel action mechanism; 
ii) spreading the cracking along the beam.  
However, there was a large crack width at the column-beam face accompanied by 
a low rotational stiffness. The effects of such stiffness were shown in Section 8.4 to be 
enormous with respect to the sway produced, column base moments and the second 
order effects. All these suggest that the connection configuration is not suitable to be 
relied on to provide frame actions when there is a net sagging moment at the beam-ends. 
In this respect, the configuration could be used in unbraced frames when the temporary 
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wind load end-beam sagging moments are counterbalanced by the dead load hogging 
moments. 
8.7 Summary and conclusion 
In this chapter, three different ways of incorporating beam-column flexibility in 
frame analysis have been presented, and they have been used to evaluate the use of the 
connection configuration studied in the current research in frames subjected to gravity 
and sway loading. Also, a new classification approach has been presented to assess the 
behaviour of precast concrete beam-column connections with fixity factor  0.73. Based 
on the evidences obtained from this chapter, the following conclusions could be drawn. 
A) Semi-rigid analysis 
1- A simplified semi-rigid frame analysis has been calibrated to work for 1st and 
2nd order frame analyses under gravity and sway loads.  
2- In semi-rigid beam-column connections, the full hogging moment achieved in a 
cruciform test could be obtained in real frames if the mid-span is designed 
adequately for the moments obtained from semi-rigid frame analysis.  
3- For semi-rigid frame analyses, the yield secant rotational stiffness was suggested 
to characterise the flexibility of the beam-column connection.  
B) Evaluation of the beam-column connection specimens tested under gravity loading  
1- A new approach has been presented to deal with precast concrete beam-column 
connections with fixity factor Ȗ  0.73 (assumed rigid zone) based on the 
relation between the required moment redistribution and the available one.  
2- A precast concrete beam-column connection with Ȗ HTXDO WR  FRXOG EH
classified as rigid if the available PRPHQWUHGLVWULEXWLRQµ5ma¶LQWKHPLG-span is 
QRWOHVVWKDQ)RUKLJKHUYDOXHVRIȖORZHUYDOXes of Rma are required.  
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3- Specimen GR1 is classified as semi-rigid (under gravity loads). 
4- Specimen GR3 is classified as rigid (under gravity loads). 
C) Evaluation of the beam-column connection specimens tested under sway loading  
1- Under pure sagging moments at the beam-ends, using the experimental 
rotational stiffnesses in frame analyses increased significantly the column-base 
moments and the sway. 
2- However, the connection could be used in unbraced frames as long as the 
temporary sagging moments generated from lateral loading are counterbalanced 
by the permanent dead load hogging moment at the beam-ends.  
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9.1 Introduction 
Experimental, analytical and numerical investigation has been carried out aiming 
to assess and modify the behaviour of the discontinuous precast concrete beam-column 
connection, and to develop the basis for establishing the main design principles. To 
achieve the aims of the study, the research accomplished the following objectives.  
A- Conducted small-scale biaxial bearing capacity tests to investigate the effect 
of the joint infill status and the ultimate bearing capacity of the column. The 
outcome of this was used in the design of the full-scale beam-column tests.  
B- Generated moment-rotation (M-ș data, under separate gravity and sway 
loads, from experimental full-scale beam-column tests. 
C- Evaluated the sufficiency of the connection under gravity and sway loading 
conditions by implementing the M-ș data in frame analysis techniques. 
D- Calibrated a simplified approach replicating the true M-șEHKDYLRXULQDsemi-
rigid frame analysis. 
E- Established a new approach to classify concrete beam-column connections as 
rigid. 
To achieve objective B, the connection reinforcement detail was taken as the main 
variable, intending to achieve the full moment capacity of the beam with enhanced 
rotational stiffness, adequate serviceability behaviour, and sufficient ductility with 
limited damage at the connection zone. The reference connection reinforcement detail 
(T1) included the below modification in comparison with that exists in practice. 
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i) Providing a beam-end hogging moment resistance capability under dead 
loads by providing continuity top bars within a trough made at the top of the 
beam, which will be grouted before installing the floor system. 
ii) Grouting the vertical joint in the connection. 
In addition, two other reinforcement details, T2 and T3, were investigated. T2 
included adding horizontal U-shaped links at the beam-ends within the connection, 
while T3 included, in addition to the horizontal links, using short steel bars crossing the 
connection at the top of the beam and using additional column links at the top and 
bottom levels of the beam. It should be mentioned that the beam-column moment ±
rotation data is only applicable to the discontinuous precast concrete beam-column type 
investigated in the current study.  
This chapter summarises first the major experimental results in addition to the 
observations from the analytical and numerical study, and then presents the findings of 
the current research followed by recommendations for further research.  
9.2 Experimental work  
The main results of the experimental parts are summarised in the next sub-sections.  
9.2.1 Small-scale bearing capacity tests 
x The vertical joint between the beam-ends within the connection is required to 
be grouted to counterbalance any compression forces from the beam. 
x Grouting of all the three joints at the connection using cement-based grout led 
to a uniform stress distribution in the adjoining members. 
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x The existence of the vertical grout increased the ultimate bearing capacity of 
the column by a ratio proportional to the ratio of its cross-section area to the 
column cross-section area. 
x The existence of the grout layers at the horizontal joints between the column 
and connection had no noticeable effect on the ultimate bearing capacity of the 
column.  
x The use of a grout with thickness equal to 1/15 of the minimum dimension of 
the adjoining members and of strength between 50% and 100% of that of the 
adjoining members produced a bearing capacity not less than 89% of that of a 
single concrete block without a joint.  
x Based on the above-mentioned points, all the three joints in the connection 
within the full-scale beam-column tests were designed to be filled using 
cement-based grouts of geometry and strength as stated above. 
9.2.2 Full-scale beam-column tests under gravity load (series GR) 
x Specimen GR1: embedding the top beam main steel bars in the trough (using 
the reference connection reinforcement type T1) introduced the anticipated 
hogging moment capacity that would work under both dead and live loads. 
However, the capacity was accompanied by a concentration of cracks within 
the connection prior to yielding. This specimen was classified as semi-rigid.  
x Specimen GR2: providing horizontal links at the beam ends (detail T2) led to a 
better crack distribution, where a controlled crack width region was observed 
within 300 mm from the column face, and the maximum crack width located 
beyond this region. However, detail T2 failed to prevent the final damage 
occurring within the connection. This specimen was classified as semi-rigid. 
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x Specimen GR3: the addition of the 2H20 short bars to the beam-ends within 
the connection (detail T3) prevented the concentration of the final damage 
occurring in the connection zone, starting at 400 mm from the column face, 
coincidentally where the additional 2H20 bars and the horizontal links are 
terminated. This specimen was classified as a rigid connection. 
9.2.3 Full-scale beam-column tests under sway load (series SW) 
x Specimen SW1: the reference connection reinforcement detail (T1) was found 
to be unsuccessful in mobilising beam sagging moments through the column 
dowel bars. The main improper feature in this detail was bending the beam 
bottom bars at the connection to the top to form the beam top bars.  
x Specimen SW2: by using reinforcement detail T3, it was possible to develop 
the dowel action in the column bars to mobilise the beam sagging moment. 
The new detail was capable of reducing the crack width at the beam-column 
interface, but the large crack was still there with a width of 0.3 mm at 50% of 
the predicted moment capacity. The results showed that the critical part in the 
connection configuration, under sway loads, is the beam-ends rather than the 
column-ends. 
x Specimen SW2: the experimental rotational stiffness was evaluated by 
conducting 1st order and 2nd order semi-rigid analysis of frames comprising 
such connection under sway loads. The effects were very significant in raising 
the column base moments and the sway.  
x Specimen SW2: based on the above two observations, it was concluded that 
the beam-column connection tested in the current study does not provide 
sufficient frame action to be used in resisting beam sagging moments. 
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9.3 Theoretical modelling 
The theoretical observations resulted from the current study are listed below. 
x An analytical calculation model has been introduced to characterise the 
moment-rotation relation of specimens GR1 and GR2, which showed semi-rigid 
behaviour under gravity loading. Compared with the experimental results, the 
model offered a sensible estimation for the flexibility of the connection.  
x An FE model has been developed to replicate the semi-rigid behaviour of 
specimens GR1 and GR2 under gravity loading. The FE model was able to 
predict the behaviour in the elastic range; however, it could not predict the 
behaviour beyond the yielding. This was attributed to the simplified way of 
modelling the interaction between the corrugated sleeves and the surrounding 
concrete at the beam-ends within the connection. 
x In addition to the requirement of the fixity factor of a connection to be not less 
than 0.73, to classify a precast concrete beam-column connection as rigid, the 
available moment redistribution from the mid-span to the support should be 
higher than the difference between the rigid mid-span moment and the 
moment resulting from a semi-rigid frame analysis.  
x In a semi-rigid frame analysis, the beam stiffness used in the analysis (whether 
full EI or 0.5EI is used) has a significant impact on the moment distribution 
under gravity loading.  
x The beam-line analysis of beams with semi-rigid ends could be utilised to 
achieve the full yield moment capacity of the connection.  
CHAPTER 9  
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections P a g e  | 9-6 
 
9.4 Research findings  
Based on the experimental and analytical evidences gathered in the current study, 
the following findings can be summarised.  
A) The precast concrete discontinuous beam-column connection investigated in 
the current study: 
x provides a hogging moment capacity under dead loads as well as under live 
loads; 
x could be dealt with as an equivalent monolithic connection under gravity 
loading by using the strong connection concept;  
x is able to mobilise beam-end sagging moments through the dowel action 
mechanism of the column main bars. However, as this was accompanied by 
low rotational stiffness and concentration of cracks at the beam-column 
interfaces, the connection is not suitable to resist net sagging moments.  
B) The beam-line analysis can be extended to achieve the full moment capacity of 
the connection.  
C) The simplified semi-rigid analysis using short stubs with appropriate 
stiffnesses, reflecting the connection flexibility, was found to give the exact 
solution when the stub length approaches zero.  
D) For a realistic classification of precast concrete beam-column connections as 
rigid, it is required to correlate the fixity factor with the moment redistribution. 
E) In the FE modelling of the beam-column configuration investigated in the 
current study, the critical component that diverged the model from the correct 
response is the interaction between the corrugated sleeves and the surrounding 
concrete at the beam-ends within the connection.  
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9.5 Proposed future work 
While the findings are encouraging with respect to modifying the connection 
configuration, there are still some issues that need to be addressed by further researches. 
Some of these issues are listed below. 
x Conducting further experimental tests on the connection configuration by 
testing the effect of the following parameters: column size; beam size; beam 
reinforcement ratio; and the applied load ratio on adjacent beam spans. 
x Conducting further experimental tests to improve the bond condition between 
the grout and the reinforcement in the beam trough by special means including 
using steel fibres.  
x The analytical model presented in the study to predict the rotational stiffness 
of the semi-rigid connections (specimens GR1 and GR2) needs to be validated 
against further experimental results. 
x The FE model is required to be improved by including more representative 
models for: (i) the interaction between conduct sleeves and surrounding 
concrete; and (ii) the interaction of the ends of beam side steel bars with the 
connection.  
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The design of the components of the beam-column connection tested in the current 
study (Chapters 4 to 6) was based on a rigid frame analysis of a prototype building 
consisting of three spans and four floors (Figure A.17KHPHPEHUV¶ dimensions, material 
properties, dead and live loads, loading cases are tabulated in Table A.1. The bending 
moment diagrams resulted at joint location A for three load cases are shown in Figure A.2.  
 
Figure A.1  Prototype building 
Appendix  A - Prototype building design 
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Table A.1 Prototype building design data   
Geometry and material  specifications 
Beam Width x  Height (mm) 300 x 400 
Column Size (mm) 300 x 300 
Main Steel fy (Mpa) 570 
Link steel fy (Mpa) 570 
Concrete fc (Mpa) 50 
Loading 
Live load (LL)  kN/m2, 
EC1(CEN, 2004a) 
Roof 1.5 
Other floors 2.0   
Dead load (DL) kN/m2 Roof 3.5 Other floors 3.5 
Wind load (WL)* 
Wind velocity  40 m/s 
Size coefficient 1 
Dynamic coefficient 1 
Force coefficient 1 
Load cases, EC0 (CEN,2002)  
Load case 1                1.35 DL + 1.50   LL      
Load case 2               1.00 DL +                     1.50 WL 
Load case 3              1.00 DL + 1.05   LL +  1.50 WL 
*The wind load is calculated using Equation qs = 0.625 *  V2, EC1 (CEN, 2005a),  qs in N/m2,  in m/s 
 
Figure A.2 Moment diagram at joint A for all load cases 
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The reinforcement design for the member section was done using EC2 (CEN, 
2004b), and the outcomes of the design regarding the beam are shown in Table A.2. 
Table A.2 Beam design results in the pprototype frame at joint A  
 Design result Used Notes 
Main 
Top 2H20 2H20  
Bottom 2H20 2H20  
Links 12H10@ 276 mm H10: 3@100 mm, 6@200 mm To test the beam for bending moment only 
 
Regarding column main bars, the analysis showed that only minimum 
reinforcement is required. In spite of this, 2H20 were provided at each column face the 
same as beam bottom bars. The reason behind this was to investigate the capability of the 
connection to mobilise beam sagging moments.  
Regarding column links, close spacing was used at the ends where the splitting 
failure might occur; elsewhere, minimum link spacing was provided.   
The distances L1 and L2 in Figure A.2 were used as lever arms for applying the 
loads in series GR and SW, respectively (see Figure 4.1)  
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The assembly of the sub-frames (beam-column connections) was conducted in 
two ways: horizontally (four tests, GR1,GR3, SW1, and SW2); and vertically (one test, 
GR2). The details of the test setup are presented in the below order: 
i) The test setup of specimens GR1 and GR3 is shown in Figure B.1 to 
Figure B.3  
ii) The test setup of specimen GR2 is shown in  Figure B.4 to  Figure B.6  
iii) The test setup of SW is shown in Figure B.7 to Figure B.9. 
In all tests, first, the bottom column was put in place, and then the two beams 
were assembled on the column by passing the steel bars protruding from the lower 
column through conduct sleeves in the beam within the connection. Then, the beam-
continuity bars were passed through the beam trough and tied with the beam links. After 
that, the top column was set in place and received the lower column steel bars in pre-
made conduct sleeves; 20 mm gaps were left between adjoining beams and columns. 
These gaps in addition to the beam trough and the conduct sleeves were filled with in 
situ self-compacted grout to form a composite beam-column connection. 
Thick packed steel plates were provided at the locations of load application and 
reaction points to prevent local bearing failures throughout the test. In addition, before 
testing, the specimen faces were white painted to facilitate the crack inspection. It is 
worth mentioning that in the horizontal mode of assembling, and in order to reduce the 
friction between the members and the ground, contact was made through small contact 
areas using oiled hard wooden pieces, as shown in Figure B.2 and Figure B.8.  
Appendix  B ± Construction details of full-scale tests 
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Figure B.1 Test rig plan of specimens GR1 and GR3 
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a ) Form work  for grouting  
 
b ) Loading configuration 
Figure B.3 General set up of specimens GR1 and GR3 
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Figure B.5 Test rig elevation of specimen GR2  
(longitudinal section through specimen) 
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a ) Assembling of the beams  
 
b ) Loading configuration 
Figure B.6 General set up of specimens GR2   
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Figure B.7 Test rig plan for series SW 
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a ) Cycles with the top column being applied to the left 
 
b ) Cycles with the top column being applied to the right 
Figure B.9 Loading configuration in series SW  
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In the tests carried out in series GR and SW within the full-scale beam-column 
programme (Chapters 4, 5 and 6), measurements of strains in reinforcing bars and 
concrete near to the joints and displacements of the beams and columns were recorded. 
For concrete, strain gauges of 60 mm length (as triple the size of the maximum coarse 
aggregate) of the PL-60-11 type were used, while for the reinforcing bars, strain gauges 
of 10 mm length of the FLA-10-11 type were used.  
The displacements were recorded using potentiometer transducers with a 
different measured displacement range (15 mm, 20 mm, 50 mm). In addition, the 
relative beam-column rotations were calculated based on the relative displacements at 
the beam-column interfaces. The data were recorded using a multi-channel computer-
operated data acquisition system (3531D, F & G).  
The readings of strain gauges and potentiometers were recorded at zero loads, 
then at the end of each load increment. During the load increments, close inspection was 
made by naked eye to locate the crack propagation. 
In test series GR, three load cells were used to record the magnitude of loads 
applied on beam 1, beam 2, and the top column. The axial load magnitude on the 
column was monitored so that it was constantly kept at 500 kN, during applying the 
beam loads. The testing and inspection process took about 3-4 hours. The 
instrumentation layout and sensor functions in specimens GR1, GR2, and GR3 are 
shown in Figure C.1 to Figure C.3, and Table C.1 to Table C.3. 
In test series SW, five load cells were used to record: (i) the two applied loads at 
the top column (constant 500 kN axial load, and variable lateral load); (ii) the two 
Appendix C - Instrumentation of full-Scale Tests 
Appendix C 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections                                                P a g e  | C-2    
 
vertical reactions at the beam ends, and (iii) the lateral reaction at the bottom column. 
The axial column load magnitude was monitored so that it was constantly kept at 
500kN, during applying the beam loads. The testing and inspection process took about 
2-3 hours for each half cycle. The instrumentation layout and sensor functions in 
specimens of series SW are shown in Figure C.4 and Table C.4. 
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Figure C.1  Instrumentation layout in specimen GR1 
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Table C.1 Function of sensors in test GR1 
Instrument Function 
P1 Load cell records the magnitude of the axial load applied at the top column 
P2 Load cell records the magnitude of the load applied at the end of beam 1 
P3 Load cell records the magnitude of the load applied at the end of beam 2 
d1* Potentiometer records the displacement of beam 1 under the applied load 
d2* Potentiometer records the displacement of beam 2 under the applied load 
d3 Potentiometer records the crack opening at beam 1- top column interface 
d4 Potentiometer records the crack opening at beam 2- top column interface. 
d5 Potentiometer records the compressive deformation at the bottom of beam 2 
d6 Potentiometer records the beam deflection to calculate the relative beam 1-bottom column rotation  (rotation = d6 / 130 ) 
S1 to S3 60 mm length strain gauge records the concrete strain at the top column 
S4 to S6 60 mm length strain gauge records the concrete strain at the bottom column 
S7 60 mm length strain gauge records the concrete strain in beam 1 
S8 60 mm length strain gauge records the concrete strain in beam 2 
S9 to S11 10 mm length strain gauge records the strain in beam top steel bars 
*The beam deflections reported in chapter 5 were taken from theses readings (d1 and d2) minus the rig 
displacement, which was monitoring during the test. All other displacements (d3 to d6) are relative 
measurements between the column and beam.  
 
Table C.2 Function of sensors in test GR2 
Instrument Function 
P1 Load cell records the magnitude of the axial load applied at the top column 
P2 Load cell records the magnitude of the load applied at the end of beam 1 
P3 Load cell records the magnitude of the load applied at the end of beam 2 
d1 Potentiometer records the displacement of beam 1 under the applied load 
d2 Potentiometer records the displacement of beam 2 under the applied load 
d3 Potentiometer records the crack opening at beam 1- top column interface   
d4 Potentiometer records the crack opening at beam 2- top column interface  
d5 Potentiometer records the compressive deformation at the bottom of beam 1  
d6 Potentiometer records the compressive deformation at the bottom of beam 2 
d7 Potentiometer records the beam deflection to calculate the relative beam 1-bottom 
column rotation (rotation  = d7 / 100 ) 
d8 Potentiometer records the beam deflection to calculate the relative beam 2-bottom 
column rotation (rotation  = d8 / 100 ) 
S1 60 mm length strain gauge records the concrete strain in beam 1 
S2 60 mm length strain gauge records the concrete strain in beam 2 
S3 to S4 10 mm length strain gauge records the strain in the beam top steel bars 
 
Table C.3 Function of sensors in test GR3 
 
Instrument Function 
P1 Load cell records the magnitude of the axial load applied at the top column 
P2 Load cell records the magnitude of the load applied at the end of beam 1 
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P3 Load cell records the magnitude of the load applied at the end of beam 2 
d1* Potentiometer records the displacement of beam 1 under the applied load 
d2* Potentiometer records the displacement of beam 2 under the applied load 
d3 Potentiometer records the crack opening at beam 1- top column interface   
d4 Potentiometer records the crack opening at beam 2- top column interface  
d5 Potentiometer records the compressive deformation at the bottom of beam 1  
d6 Potentiometer records the compressive deformation at the bottom of beam 2 
d7 Potentiometer records the beam deflection to calculate the relative beam 1-
bottom column rotation (rotation  = d7 / 105 ) 
d8 Potentiometer records the beam deflection to calculate the relative beam 2-
bottom column rotation (rotation  = d8 / 105 ) 
S1 to S3 60 mm length strain gauge records the concrete strain at the top column 
S4 to S6 60 mm length strain gauge records the concrete strain at the bottom column 
S7 to S8 60 mm length strain gauge records the concrete strain in beam 1 
S9 to S10 60 mm length strain gauge records the concrete strain in beam 2 
S11 to S15 10 mm length strain gauge records the strain in the beam top steel bars.  
*The beam deflections reported in chapter 5 were taken from theses readings (d1 and d2) minus the rig 
displacement, which was monitoring during the test. All other displacements (d3 to d8) are relative 
measurements between the column and beam.  
 
 
Table C.4 Function of sensors in series SW 
Instrument Function 
P1 Load cell records the magnitude of the axial load applied at the top column 
P2# Load cell records the magnitude of the lateral load applied at the top column 
R1# Load cell records the magnitude of the reaction at the end of beam 1 
R2# Load cell records the magnitude of the reaction at the end of beam 2 
R3# Load cell records the magnitude of the reaction at the end of the bottom column 
d1# Potentiometer records the column  sway 
d2# Potentiometer records the beam  sway 
d3 Potentiometer records the beam deflection to calculate the relative beam 1-top 
column rotation (rotation  = d3 / 105 ) 
d4 Potentiometer records the beam deflection to calculate the relative beam 1-
bottom column rotation (rotation  = d4 / 105 ) 
d5 Potentiometer records the beam deflection to calculate the relative beam 2-top 
column rotation (rotation  = d5 / 105 ) 
d6 Potentiometer records the beam deflection to calculate the relative beam 2-
bottom column rotation (rotation  = d6 / 105 ) 
S1 to S3 60 mm length strain gauge records the concrete strain at the top column 
S4 to S6 60 mm length strain gauge records the concrete strain at the bottom column 
S7 to S11 10 mm length strain gauge records the strain in the beam top steel bars  
S12 to S15 10 mm length strain gauge records the strain in the column dowel bars 
S16 to S17 10 mm length strain gauge records the strain in the additional H8 mm links 
# The direction of measurement shown in Figure C.4 is with respect to the half load cycles with the top 
column lateral load being applied to the left. For the other load direction, these reading were located at the 
other member side. 
 
Appendix  D  
 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections                                                      P a g e  | D-1    
 
 
For grouting the sleeves and troughs in the beam and column in the full-scale 
beam-column connection tests, it was required to design a grout mix that possesses both a 
targeted cube compressive strength of 60 N/mm2 (close to the compressive strength of the 
concrete used) at 10 days age with sufficient fluidity. The fluidity is expressed in slump 
diameter in a slump test according to EN 12350-2 (CEN, 2000b). For this purpose, eight trial 
mixes were carried out; trial mix C2 was chosen to be used for the grouting.  
Table  D.1 Grout trial mix results 
Mix 
Ref. 
 Mix proportion Results 
Cement 
(kg/m3) 
Sand 
(kg/m3) 
Water 
(kg/m3) 
Super-
plasticiser 
(lt./m3) 
Shrinkage 
reducing 
admixture 
(lt./m3) 
Slump 
diameter 
(mm) 
Cube compressive 
strength, fcu 
(N/mm2) 
10 days 28 days 
A1 
Ratio  1 1 0.35 
 0.006 0.015    
Weight 923.4 923.4 323.2 4.6  13.9 470 ----- ----- 
A2 
Ratio 1 1 0.35 0.008 0.015    
Weight 923.4 923.4 323.2 6.2   13.9 550 ----- ----- 
A3 
Ratio 1 1 0.35 0.010 0.015    
Weight 923.4 923.4 323.2 7.7  13.9 640 50.7 56.6 
B1 
Ratio  1 1 0.3 0.01 0.015    
Weight 943.5  943.5  287.0 8.0 14.4 375 ----- ----- 
B2 
Ratio 1 1 0.3 0.012 0.015    
Weight 943.5  943.5 287.0 9.6 14.4 425 ----- ----- 
B3 
Ratio 1 1 0.3 0.016 0.015    
Weight 943.5  943.5 287.0 12.8 14.4 565 58.5 66.0 
C1 
Ratio  1 1 0.28 0.016 0.010    
Weight 951.8 951.8 266.5 12.7 9.5 665 56.3 62.5 
C2 
Ratio 1 1 0.28 0.017 0.010    
Weight 951.8 951.8 266.5 13.5 9.5 790 57.5 63.4 
 
Cement: CEM II /B-V 32.5 N 
Sand : River sand passing through 2.8 mm sieve (see Appendix E for the sieve analysis results) 
Superplasticiser: SP1, Grace Concrete Products, Density = 1.2 kg / litre  
Shrinkage reducing admixture:  Sika Control 40, Density = 1.0 kg / litre        
 
 
 
Appendix D - Grout mix design 
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a) Grout mix A1 b) Grout mix A2 
  
c) Grout mix A3 d) Grout mix B1 
 
 
e) Grout mix B2 f) Grout mix B3 
 
g) Grout mix C2 
Figure D.1  Consistincy of the grout trial mixes  
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E1  Fine Aggregate 
Table E.1 Grading of sand (fine aggregate)  
 
E2  Steel bars 
The tensile testing of the steel bar was performed according to EN ISO 6892-1(CEN, 2009) 
 
Figure E.1 Tensile strength test results of H20 steel bar type used in specimens GR1 and SW1  
Appendix E - Material testing results 
Concrete and grout for the small-scale 
biaxial loading tests (chapter 3) * 
Grout for full-scale tests 
(Chapter 4,5 and 6) 
Sieve size (mm) Passing (%) Sieve size (mm) Passing (%) 
5.6 100 2.8 100 
4 87 2.0 91.7 
2.8 77 1 73.9 
2.0 63 0.5 46.5 
1 54 0.25 11.6 
500 um 43 0.063 0.2 
250 um 14 Pan 0 
Pan 0 ------------- ---------------- 
Oven-dried Density = 2.56  Mg/m3 Oven-dried density = 2.6 Mg/m3 
Surface-dried density = 2.59  Mg/m3 Surface-dried density = 2.63 Mg/m3 
Apparent Density = 2.64 Mg/m3 Apparent density = 2.67 Mg/m3 
The sieve analysis was performed according to  EN 933-1 (CEN, 1997) 
The densities were determined according to  EN 1097-6 ( CEN , 2000a) 
 
fy (N/mm  )
2 fu (N/mm  )2 Es (kN/mm  )
2
Sample 1
Sample 2
Average
568.3
572.4
570.4
679.4
687.1
683.3
208.6
202.7
198.7
H20 mm dia bars - Tests GR1 and SW1
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Figure E.2 Tensile strength test results of H20 steel bar type  
used in specimens GR2,GR3 and SW2  
 
Figure E.3 Tensile strength test results of H16 steel bar type 
 used in specimens GR2,GR3 and SW2 
 
 
fy (N/mm  )
2 fu (N/mm  )2 Es (kN/mm  )
2
Sample 1
Sample 2
Sample 3
Average
549.3
552.8
550.1
550.7
637.4
643.5
640.3
640.4
189.6
190.5
189.4
192.6
H16 mm dia bars
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Figure E.4 Tensile strength test results of H10 steel bar type 
 
Figure E.5 Tensile strength test results of H8 steel bar type used in specimens GR3 and SW2 
 
 
fy (N/mm  )
2 fu (N/mm  )2 Es (kN/mm  )
2
Sample 1
Sample 2
Sample 3
Average
598.5
600.2
596.4
598.4
665.5
668.6
667.4
667.2
196.9
198.3
201.1
196.8
H10 mm dia bars
 
fy (N/mm  )
2 fu (N/mm  )2 Es (kN/mm  )
2
Sample 1
Sample 2
Sample 3
Average
520.3
534.8
513.3
522.8
631.5
637.9
628.7
632.7
191.8
194.5
194.1
197.7
H8 mm dia bars
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F1 Pull-out tests  
Within the available sources, no slip-bond relation was found for cement-based 
grout and steel bars that could be used to determine the maximum bond strength µĲ
 max¶ 
required in the analytical modelling of the beam-column connection investigated in the 
current study.  
The CEB-FIP 1990 model code (1993) provides an analytical model to represent 
the bond between concrete and steel (refer to Section 2.5) that requires the parameters Ȝ, Į, 
Sb1, Sb2, Sb3, Ĳf in Eq. (F.1) to Eq. (F.4) to be known. The model code recommends values 
for these parameters based on specifying the bond as µconfined¶ or µunconfined¶, and as 
being in µgood bond condition¶ or µall other bond conditions¶ but without indicating any 
values for the bond between cement-based grout and steel bars. To find out the suitable 
parameters to be used to represent the bond in these circumstances, two tests were 
conducted.  
ɒmax = ɉ ඥfc  (F.1) ɒ = ɒmax  ቀ SbSb 1  ቁȽ                                                               for  0   6b 6b1 (F.2) ɒ = ɒmax                                                                              for Sb1 6b 6b2 (F.3) ɒ = ɒmax െ  (ɒmax െ  ɒf  )   SbെSb 1Sb 3െSb 2                                for Sb2 6b 6b3 (F.4) 
The two pull-out tests were conducted to specify the parameters in Eqs. (F.1) to 
(F.4), and most importantly Ȝ. The specimen details and the test setup are shown in Figure 
F.1, where the specimens consisted of 250 x 250 x 300 mm samples of cement-based grout 
with a 1H20 steel bar located in the centre of the cube. The grout and the H20 steel bars 
were the same as that used in the full-scale tests. The test setup was based on the 
Appendix F- Pull-out tests and modulus of elasticity tests 
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configuration used by Losberg and Olsson (fib, 2008) but with using an embedded length 
of 5Ø as recommended by EN 100080 (CEN, 2005c). The bond was prevented within the 
remaining 100 mm at both ends through using 25 mm diameter plastic sleeves. The 5Ø 
bond length was located away from the active end to eliminate the effect of the 
compressive reaction from the load jack.  
 
a) Test configuration and specimen details 
 
 
b) Specimen form work c) Testing the specimen 
Figure F.1 Pull-out test details 
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The slip-bond stress relations resulting from the two tests are shown in Figure F.2 
with a suggested model to characterise the behaviour using Sb1 = 1.0 mm, Sb2 = 3 mm, Sb3 
= 10 mm, Ȝ = 2, Į = 0.15, and Ĳf = 0.4 Ĳmax. The fc of the grout specimens was 52.5 N/mm2 
(average of two cylinders). 
 
Figure F.2 Pull-out test results 
 
F2 Grout modulus of Elasticity 
EC2 (CEN, 2004b) presents Eq. (F.5) to calculate the modulus of elasticity of 
concrete with quartzite aggregates. For concrete with other aggregate types, EC2 provides 
some factors to be used with Eq. (F.5).  
Ec = 22 ൬݂c10൰0.3  (F.5) 
The provided factors do not cater for cement-based grout; therefore, it was 
necessary to determine this factor experimentally based on BS 1881-121 (BSi, 1983). The 
static modulus of elasticity for concrete in compression is taken for the range between 
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0.5 N/mm2 stress and the one-third of the compressive strength of the concrete. For this 
purpose, two Ø150 mm x 300 mm height cylinders were tested to find out the factor 
needed to be used in Eq. (F.5). Table F.1 and Figure F.3 show the results of the tests, and 
the outcomes reveal that Eq. (F.5) could be used to determine the modules of elasticity of 
the used grout by using a reduction factor of 0.88. 
Table F.1 Grout modulus of elasticity test results  
Specimen Cylinder compressive 
strength, fc (N/mm2) 
Experimental Ec, 
(N/mm2)  
Ec using Eq. (F.5) 
(N/mm2) 
col 3 / col 4 
M1 56.6 32600 37006 0.88 
M2 48.4 30900 35308 0.88 
Average 52.5   0.88 
 
 
Figure F.3 Stress-strain relation of grout under compression loading  
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The FE modelling results of specimen GR1 compared with the experimental results 
are presented in this appendix. The results include deflections, beam-column relative 
rotations, concrete and steel strains, and the crack patterns.  
The FE model results matched well the experimental results at the early loading 
stages; however, it failed to anticipate the behaviour close to the yielding, and did not 
predict the ultimate moment capacity of the connection correctly. The reasons behind 
these outcomes were presented in Chapter 7. The results of the FE modelling presented 
here include the results of two models, as listed below.  
FE model 1: the reference model where all the steel bars were provided according to 
the experimental details. 
FE model 2: the model differs from above by ignoring the internal part of the 2H20 
side bars in the FE mesh. 
The intention from the 2nd model was to check the effects of modelling the internal 
part of the 2H20 steel side bars within the connection. As shown in Figure G.1, FE 
model 2 provided a more representative model for the true behaviour; by cutting the 
2H20 side bars at the column face, there was no means for stress transfer through the 
column bottom links (explained in detail in Section 7.8.3). The other FE model results 
reported in Figures G.2 to G.6 are those obtained from FE model 1. 
  
 
 
Appendix G- FE modelling results of specimen GR1  
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Figure G.1 Load vs. deflection in specimen GR1 (experimental results and FE results) 
 
Figure G.2 Beam load vs. beam-column relative rotation in specimen GR1 
(experimental results and FE results) 
 
Figure G.3  Beam moment vs. concrete strain in specimen GR1 
(experimental results and FE results) 
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Figure G.4  Beam moment vs. steel strain in specimen GR1 
(experimental results and FE results) 
 
 
a) Experimental at 35 kN beam load  
 
b) Numerical at 35 kN beam load (FE model 1) 
Figure G.5  Comparison of the first cracks 
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In this appendix, the simplified semi-rigid frame analysis is calibrated against two 
other methods: (i) the ANSYS software (2004), and (ii) the conventional semi-rigid 
frame analysis based on Monforton¶s approach (1963). The calibration involved frames 
subjected to separate gravity and sway loads. 
H1 Calibration of the simplified approach under gravity loading 
For the calibration under gravity loads, frame F3 (Figure H.1) was taken as the case 
study. As shown, the modulus of elasticity of the beams µ(b¶ has been taken as half as 
the modulus of elasticity of columns µ(col¶ to account for assigning 0.5 EI to the beams. 
In rigid frames, using either full EI or 0.5 EI for the beams has no significant effect on 
the moment distribution; however, the effect is significant in semi-rigid frames (refer to 
Section 5.3.4.3). In frame F3, stubs were only assigned at the beam-ends using two 
different rotational stiffness sets in two different frame analyses, as listed below. 
(i) Set A: the internal rotational stiffness was taken to be the same as the stiffness 
obtained from specimen GR1 (S2= 30160 kNm/rad). For the external connections, 
S1 was taken as half of S2. The aim of this set was to validate the simplified semi-
rigid analysis using a realistic connection stiffness, where the internal connections 
are close to being considered aV ULJLG FRQQHFWLRQV Ȗ    WR  IRU WKH
external connections, and 0.68 to 0.78 for the internal connections). 
(ii)  Set B: S2=3016 kNm/rad, and S1 = 1508 kNm/rad. The intention of this set was 
to validate the simplified method in the case of semi-rigid connections that are too 
far from being FRQVLGHUHGDV ULJLGFRQQHFWLRQV Ȗ  WR09 for the external 
connections, and 0.12 to 0.26 for the internal connections).  
Appendix H  
 Simplified semi-rigid frame analysis calibration  
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Practically, the simplified semi-rigid frame analysis is performed in a very similar 
way to the rigid analysis. First, the geometry and the loadings of the frame are set. Then 
lengths equal to the required stub length µ/V¶ are assigned at the beam ends with the 2nd 
moment of area of stub µ,s¶ taken as equal to Sy  Ls / E. For example, in set A, with Ls 
equal to 0.01 m, Sy = 30160 kNm/rad , and E= 18.08E6 kN/m2, I of the internal stubs 
needs to be taken as  Is = 30160 x 0.01 /18.08E6  = 0.000016681 m4. The same 
approach is applied to the external stubs, Is = 15080 x 0.01 /1.808E7 = 0.00000834 
kN/m2. After assigning the Is to the stubs, a normal analysis is performed and the results 
are the outcomes of semi-rigid frame analysis.  
The analysis of frame F3 (set A) shows that the simplified semi-rigid frame 
analysis gave member end-moment values that were very close to the exact ones when 
the stub length was approaching zero (Figure H.2a, b and c). In frame F3 (set B), using 
the very weak beam-column rotational stiffnesses, the results were also matching the 
exact solution when the stub length was taken equal to 10 mm. From these, it appears 
that the simplified semi-rigid frame analysis produces results very close to the exact 
solution by using small stub lengths (10 mm as a recommended value).  
 
Figure H.1 Geometry and loading of frame F3 
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a) Using 1000 mm stub length (set A) 
 
b) Using 100 mm stub length (set A) 
 
c) Using 10 mm stub length (set A) 
Figure H.2 Validation of the simplified approach against ANSYS (frame F3) 
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d) Using 10 mm stub length (set B) 
Figure H.2  (Cont.) Validation of the simplified approach against ANSYS (frame F3) 
H2 Calibration of the simplified approach under sway loading 
In a similar way to that used in the previous section, the simplified semi-rigid 
analysis was validated under sway loads against the other two classical methods. For 
this purpose, frame F4 (Figure H.3) was analysed. The geometry and the member sizes 
of frame F4 were the same as frame F3 but with using the rotational stiffness of 
specimen SW2 (1278 kNm/rad, refer to Table 6.1) and being subjected to a different 
loading arrangement (refer to Section 8.4). As shown, the modulus of elasticity of the 
beams µ(b¶ was taken as 0.35 Ec, while the modulus of elasticity of the column µEcol¶ 
was taken as 0.7 Ec as recommended by ACI  (2008a) for frame analysis under sway 
loads. Table H.1 compares the results of the simplified method with the results of 
ANSYS for both 1st and 2nd order analyses with a maximum difference being 1.7 %. 
The simplified semi-rigid analyses were conducted using stubs of 10 mm length (Ls) 
and a modified 2nd moment of area (Is) for the stubs equal to Sy  Ls / Eb.  
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  Figure H.3 Geometry and loading of frame F4 
Table H.1 Results of analysis of frame F4 
Location 
1st order moment   2nd  order moment   
ANSYS 
(kNm) 
Simplified 
(kNm) Ratio (%) 
ANSYS 
(kNm) 
Simplified 
(kNm) Ratio (%) 
1 26.57 26.60 100.11 34.92 34.78 99.60 
2 26.94 26.95 100.04 34.88 35.35 101.35 
3 26.64 26.66 100.08 34.25 34.83 101.69 
4 23.91 23.82 99.62 33.58 33.01 98.30 
Location 
1st order sway   2nd order sway   
ANSYS 
(mm) 
Simplified 
(mm) Ratio (%) 
ANSYS 
(mm) 
Simplified 
(mm) Ratio (%) 
5 23.91 23.82 99.62 33.58 33.01 98.30 
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I1 Permissible moment redistribution 
According to EC2 (CEN, 2004b), in continuous beam that are predominantly 
subject to flexure and the ratio of the adjacent spans is in the range of 0.5 to 2, bending 
moments could be redistributed without the need for explicit checking of the rotation 
capacity, using the below relations.  
i) For fck ӊ 50 MPa   
įm Ӌ k1 + k2   xu/d   ;   k1 = 0.44,  k2 =  1.25(0.6+0.0014/İcu2) ; İcu2 = 0.0035 
ii) For  fck > 50 MPa   
įm Ӌ k1 + k2   xu/d    ;  k3 = 0.54,  k4 = 1.25(0.6+0.0014/ İcu2) 
                                                          , İcu2 = 0.0026+0.035 [(90 - fck ) / 100)4 
 įm Ӌ 0.7    where Class B and Class C reinforcement is used. 
 įm Ӌ 0.8    where Class A reinforcement is used. 
xu   is the depth of the neutral axis at the ultimate limit state after 
redistribution 
d : is the effective depth of the section 
įm : the ratio of maintaining moment after redistribution  Ɂm =  Section moment after redistribution
Section moment before redistribution
  < 1 
İcu2  is the compressive ultimate strain 
 
 
 
 
Appendix I Allowable moment redistribution in 
specimens GR1 and GR3  
Original semi-rigid 
moment diagram 
Figure I.1 Moment redistribution from the mid-spans to supports 
Moment diagram 
after redistribution 
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I2 Specimen GR1   
Table I.1 Specimen GR1 details 
Beam width, b (mm) 300  
Beam depth, h (mm) 300  
Beam effective depth, d  (mm) 350  
Main steel area at mid-span, As 2H20  2x314=628mm2 ȡ $s / (b . d)     0.006  
fcu of concrete (N/mm2) 63.3  
fc  of concrete (N/mm2) 52.4  
Ec of concrete  (N/mm2) 36160  
fy of H20   (N/mm2)  - main beam bottom bars 570.4 Type B 
Es of H20   (N/mm2)  - main beam bottom bars 202700  
Moment Capacity and xu/d at mid span  
Ft  = fy . As = 570.4 N/mm2 x 2 x 314 mm2   
Ft  = 358211.2  N 
fcd = 0.85 .  fc = 0.85 x 52.4 = 44.54 N/mm2 
Fc  = Ft = 358211.2  N 
Fc = 0.8 xu . fcd . b  
xu = Fc / (0.8 . fcd . b ) = 358211.2  / ( 0.8 x  44.54  x 300 ) = 33.51 mm    
xu / d = 33.51 / 350 = 0.096  
Z = d ± 0.4 xu = 350 ± 0.4 x 33.51 = 336.60 mm 
Mu = Fs    Z = 358211.2    x 336.6 / 1000 000 = 120.57 kNm       
Permissible moment redistribution  
Concrete : fc = 52.4 N/mm2  
Steel bars : Type B , fy = 570.4 N/mm2 
    ț Ӌ k3 + k4   xu/d ; ț Ӌ 0.7 
k3 = 0.54 
k4 = 1.25(0.6+0.0014/ İcu2) 
İcu2 = 2.6 + 35 ((90 ± fc) / 100)4 
İcu2 = 2.6 + 35 ((90 ± 52.4) / 100)4 = 3.30 Å = 0.0033             
Fc 
0.8 xu 
0.85 fc  
Ft 
N.A 
Z 
xu 
Figure I.2 Equivalent rectangular 
                   stress block 
Appendix  I 
 
Behaviour of Discontinuous Precast Concrete Beam-Column Connections                                                 P a g e  | I-3    
 
k4 = 1.25 [0.6+(0.0014/ .0033)] = 1.28 
įm Ӌ k3 + k4   xu/d 
įm Ӌ 0.54 + 1.28
  
x
 
0.096 = 0.66  <  0.7, therefore  įm = 0.7 will govern 
Therefore, the available moment redistribution µRma¶Irom the mid-span towards 
supports is 0.3 
In GR1, Sy = 30160 kNm/rad, Ec = 36.16 E6 kN/m2   
i) L = 12 h = 12 x 0.4  = 4.8 m,   I = 0.3 x 0.43/12 = 0.0016 m4 : 
ߛ =  1
1 +
3  ܧܿ   0.5 ܫܫܵݕ  ܮ =  11 + 3  ݔ 36.16ܧ6 ݔ  0.5 ݔ 0.0016  30160 ݔ 4.8 =  11 + 0.6 =  0.63 ܯܧݓ  ܮ2
12
 =  
3 ߛ
2+ ߛ  = 3 ݔ  0.632+ 0.63 = 0.71 ܯܵݓ ܮ2
24
=  
2 (3 െ 1.5 ߛ)
2 +  ߛ =  2 (3 െ 1.5 ݔ 0.63)2 +  0.63  =  1.57  
įmr =  1 / 1.57= 0.64  
Required moment redistribution µ5Pr¶ =  1 -  įmr = 0.36 
ii) L = 18.25  h = 18.25 x 0.4  = 7.3 m,   I = 0.3 x 0.43/12 = 0.0016 m4 : 
ߛ =  1
1 +
3  ܧܿ   0.5 ܫܫܵݕ  ܮ =  11 + 3  ݔ 36.16ܧ6 ݔ  0.5 ݔ 0.0016  30160 ݔ 7.3 =  11 + 0.39 =  0.72 ܯܧݓ  ܮ2
12
 =  
3 ߛ
2+ ߛ = 3 ݔ  0.722+ 0.72 = 0.79 
ܯܵݓ ܮ2
24
=  
2 (3 െ 1.5 ߛ)
2 +  ߛ =  2 (3 െ 1.5 ݔ 0.72)2 +  0.72 =  1.42 
įmr = 1 / 1.42 = 0.71 
Rmr =  1 -  įmr  = 0.29  
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I3 Specimen GR3  
Table I.2 Specimen GR3 details 
Beam width, b (mm) 300  
Beam depth, h (mm) 300  
Beam effective depth, d  (mm) 350  
Main steel area at mid-span, As 2H20  2x314=628mm2 ȡ $s / (b . d)     0.006  
fcu of concrete (N/mm2) 82.8  
fc of concrete (N/mm2) 67.8  
Ec of concrete (N/mm2) 39070  
fy  of H20   (N/mm2)  - main beam bottom bars 532.3 Type B 
Es of H20   (N/mm2)  - main beam bottom bars 200500  
Moment Capacity and xu/d at mid span   
Ft  = fy . As = 532.3 N/mm2 x 2 x 314 mm2   
Ft  = 334 284  N 
fcd = 0.85 .  fc = 0.85 x 67.8 = 57.63 N/mm2 
Fc  = Ft = 334 284  N 
Fc = 0.8 xu . fcd . b  
xu = Fc / (0.8 . fcd . b ) = 334 284  / ( 0.8  x  57.63 x 300 ) = 24.17 mm    
xu / d = 24.17 / 350 = 0.069   
Z = d ± 0.4 xu = 350 ± 0.4 x 24.17 = 340.33 mm 
Mu = Fs  .  Z =  334 284  x 340.33 / 1000 000 = 113.8 kNm       
Permissible moment redistribution   
Concrete : fc = 67.8 N/mm2  
Steel bars : Type B , fy = 532.3 N/mm2 
    įm Ӌ k3 + k4   xu/d ; ț Ӌ 0.7 
k3 = 0.54 
k4 = 1.25(0.6+0.0014/ İcu2) 
İcu2 = 2.6 + 35 ((90 ± fc) / 100)4 
İcu2 = 2.6 + 35 ((90 ± 67.8) / 100)4 = 2.69 Å = 0.00269             (EC2, Table 3.1) 
k4 = 1.25(0.6+0.0014/ 0.00269) = 1.40 
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įm Ӌ k3 + k4   xu/d 
įm Ӌ 0.54 + 1.4
  
x
 
0.069 = 0.64 < 0.7 ; therefore  įm = 0.7 
Rma= 0.3 
In GR3, Sy = 106905 kNm/rad, Ec = 39.070 E6 kN/m2 
i) L = 12 h = 12 x 0.4  = 4.8 m,   I = 0.3 x 0.43/12 = 0.0016 m4 : 
ߛ =  1
1+
3  ܧܿ   0.5 ܫܫݕݕ  ܮ =  11+3  ݔ  39.070ܧ6 ݔ   0.5 ݔ  0.0016   106  905  ݔ  4.8 =  11+0.18 =  0.85   
ܯܧܯܴ  =  3 ߛ2+ ߛ  = 3 ݔ  0.852+ 0.85 = 0.89 
ܯܵݓ ܮ2
24
=  
2 (3 െ 1.5 ߛ)
2 +  ߛ =  2 (3 െ 1.5 ݔ 0.85)2 +  0.85  =  1.22 
įmr = 1 / 1.22 = 0.82  
Rmr = 1 -  įmr  = 0.18 
ii) L = 18.25 h = 18.25 x 0.4 = 7.3 m,   I = 0.3 x 0.43/12 = 0.0016 m4: 
ߛ =  1
1+
3  ܧܿ   0.5 ܫܫݕݕ  ܮ =  11+3  ݔ  39.070ܧ6 ݔ   0.5 ݔ  0.0016   106  905  ݔ  7.3 =  11+0.12 =  0.89  
ܯܧݓ  ܮ2
12
 =  
3 ߛ
2+ ߛ = 3 ݔ  0.892+ 0.89 = 0.93 
ܯܵݓ ܮ2
24
=  
2 (3 െ 1.5 ߛ)
2 +  ߛ =  2 (3 െ 1.5 ݔ 0.89)2 +  0.89  =  1.15 
įmr = 1 / 1.15 = 0.87  
Rmr = 1 - įmr = 0.13 
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